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Co-supervisor: Brijesh S. Gill 
 
 
The objective of this research is to develop a new class of miniaturized sensors on-
catheter technology through the integration of functional nanomaterials and flexible 
microsystems, with high sensitivity, fast recovery time, reduced form factor, for in situ 
blood pressure and flow monitoring with minimal invasiveness. Real-time endovascular 
pressure measurement techniques are crucial to evaluate the hemodynamics, which 
indicates the physiological state of the cardiovascular system. Current technology relies 
on fluid filled catheter coupled to remote transducers to measure endovascular pressures 
and gradients. The fluid filled catheters are bulky, inherently inaccurate due to the tubing 
mechanical resonance, and with low signal integrity due to the vibration noises from the 
environment.  Silicon based conventional pressure sensors have complications due to 
issues of catheter stiffness, biocompatibility or small form factor integration. We propose 
a paradigm shift in designing the endovascular pressure sensing technology, through 
 ix 
developing compact flexible sensing structures using nanoengineered piezoelectric 
polymers which can be integrated on catheters without consuming the internal lumen 
space.  
 
We focused on designing novel nanostructures using PVDF-TrFE (Polyvinyledene 
fluoride trifluoroethylene), with well controlled β-crystalline phase to significantly 
improve the resulting sensor performance.  The research objectives include: (1) Thin-film 
structures for higher piezoelectric effect without any mechanical stretching or poling 
requirements, (2) High density highly-aligned electrospun nanofibers through 
electrospinning towards enhanced sensitivity; (3) Core-shell electrospun nanofiber for 
tapping the near β-crystalline phase formation and high cyrstallinity by virtue of inherent 
stress and stretching involved in the fabrication procedure. For pressure sensor design 
and characterization, we worked on two main form factors designs: thin-film, and aligned 
electrospun nanofiber based sensors patterned on catheter tips which are ready to be 
deployed in intra-vascular environment. Testing results showed promising results from 
PVDF based pressure sensors. The average sensitivity of the PVDF sensors was found to 
be four times higher than commercial pressure sensor while the PVDF sensor had five 
fold shorter response time than commercial pressure sensor, making the PVDF sensors 
highly suitable for real-time pressure measurements using catheters. 
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Chapter 1: Background and Significance 
 
1.1 MOTIVATION  
Traditionally, surgery required an incision large enough for the surgeon to see 
directly and place his or her fingers and instruments directly into the target operating site. 
Most often, the damage done to skin, muscle, connective tissue, and bone to reach the 
region of interest causes much greater injury than the curative procedure itself. This 
results in more pain to the patient, longer recovery times, and complications due to 
surgical trauma. The accelerating trend is toward minimally invasive surgery (MIS) by 
using catheters. This technique has great potential to allow access to regions now 
inaccessible, or to enhance the surgeon’s abilities in applications where current minimally 
invasive techniques do not permit the full range of human dexterity and perception. In 
addition, they can even extend the surgeon’s capability over great distances, via 
telesurgery [1-3].  
 
Catheter-based blood pressure sensors are desired for several reasons, first being 
safety of the catheter insertion. Current methods of tracking catheter insertion include 
angiography, requiring contrast agents, X-ray imaging and surgeon experience [4-6]. 
These methods can potentially cause the adverse effects of allergic reactions and 
radiation exposure, or vessel puncture, respectively. Both methods involve unnecessary 
risks and costs. These problems can be solved using a catheter-based blood pressure 
sensor. These sensors can be placed on catheter tips, and the transmitting lines routed 
through one of the lumens of the catheter.  
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Secondly, catheter-based blood pressure sensors can aid with the controlled 
catheter balloon inflation. The current technique relies on surgeon experience to 
determine the completeness of balloon inflation. With the catheter based blood pressure 
sensor, the placement of blood pressure sensors before and after the balloon can provide 
surgeons an indicator of balloon inflation.  
 
Lastly, the catheter based blood pressure sensor can give important information 
about potential occlusions and perforations via the resulting changes in blood pressure.  
 
Presently, over 1.5 million pulmonary artery catheters are placed per year for real-
time hemodynamic monitoring in the U.S. [7] with sales drawing $17 billion in 2010 and 
$21.2 billion in 2011 [8]. Endovascular techniques for measurement of physiologic 
parameters that describe normal and abnormal hemodynamics have changed little since 
Richard Gorlin derived his equation for calculating cardiac valve areas in 1951 [9]. 
Current systems rely on fluid filled catheter coupled to remote transducers to measure 
endovascular pressure and gradients [10-12]. The process uses a flexible stainless steel 
guide wire about 1mm in diameter that is inserted into the artery. This guide wire is 
pushed to the desired location under fluoroscopic monitoring, used as a guide for 
insertion of a hollow catheter, and is then removed. Finally the catheter is filled with a 
suitable fluid whose pressure is a function of the propagation characteristics of the hollow 
catheter [13]. Figure 1.1 shows one such pulmonary artery catheter frequently used for 
blood pressure measurements. This technique has the advantage of minimal expense and 
decent accuracy since the external transducer can be calibrated against an external 
reference at any time.  
 
 of their ability to generate a more artifact
widespread clinical fashion because of a lack of flexibility inherent to their construction 
that makes them less safe for intravascular use. Systems that incorporate fluid filled 
catheters coupled to remote transducers for pressure m
inaccuracies related to resonance in the system, which is a function primarily of the 
length and diameter of the tubing and the frequency of the waveform being measured, 
which is typically the heart rate for intravascular systems. 
by resonance, which tends to overestimate pressure waveforms before the transducer by 
artifactual amplification, compressible volumes, like air in the tubing, can dampen 
waveforms leading to underestimation of pressures
Figure 1.1
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 for delicate surgeries, 
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like ventriculostomy, has the disadvantage of tissue penetration (of the meninges and 
brain), with the possibility of transmission of bacteria through the fluid coupling [17].  
 
Alternative techniques for measurement of the intravascular blood-pressures have 
also been reported with pressure sensitive diaphragms; MEMS based pressure sensors 
and fiberoptic tranducers [18, 19]. MEMS have received a great deal of attention in 
recent years. MEMS pressure sensors currently dominate the market for greater-than-
atmospheric-pressure sensors. The 1995 for micromachined pressure sensors was 
approximately US $1 billion, and is expected to grow to US $2.5 billion by 2005 [20]. M. 
Esashi, et al. [21] reported miniaturized silicon diaphragm sensors using the 
piezoresistive operating principle for biomedical experiment purposes. During the 
fabricated chip transferring, they suffered from thermal stress, additional sensitivity 
calibration, and associated circuit complex. After a couple of decades later, there have 
been several alternative approaches, but transferring chips onto the catheter is not a 
scalable solution. Moreover, such sensors are bulky which makes them unsuitable for use 
in catheters, which must have internal space for interventional apparatus. Further, the 
stiffness imparted to the catheter by such sensors is highly undesirable. 
 
In addition to the numerous applications mentioned earlier, the development of a 
flexible pressure sensor can enable the development of novel catheters that can ease some 
of the complicated surgeries. Here we consider one such surgery, of pelvic fractures, and 
the role of such a catheter: 
 
Pelvic fractures (PF) are a very common clinical finding in fatally wounded US 
combat personnel. In trauma care surgeries, pelvic ring injuries are the third most 
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common cause of death (behind central nervous system injury and major 
pulmonary/cardiac injury).  Associated organ system injury is also common in this setting 
(though less so than in combat injuries).  Importantly, the median time to death is roughly 
6 hours in fatally injured patients with pelvic fracture versus 40 hours in those without 
PF, strongly suggesting that exsanguination is a major contributor to mortality in patients 
with PF.   
 
Surgical control of pelvic hemorrhage has proven difficult [22].  Direct access to 
the internal iliac artery and its branches is problematic from an anatomic standpoint and 
requires disruption of the peritoneum with resultant loss of tamponade of bleeding from 
deep structures.   
 
The mainstay of hemorrhage control in PF is angiographic embolization of the 
internal iliac artery or its branches [22-26].  This is the only method available which can 
control selective branches of both the anterior and posterior arterial elements of the 
pelvis.  This methodology requires fluoroscopy capability with a large set of proprietary 
gear to be fully effective, along with highly specialized training. The endovascular 
balloon occlusion technique yields several potential advantages for the control of pelvic 
hemorrhage.   
 
There is one significant problem with occluding the distal aorta: there is occlusion 
of blood flow to the legs.  This vastly increases the volume of ischemic tissue and 
resultant reperfusion injury to the other organs when the balloon is removed.  
Additionally, if one or both legs are relatively uninjured, the technique incurs risk of 
ischemic neuropathy and subsequent loss of function even after rehabilitation.   
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Figure 1.2 (a) Schematic showing placement of a three- balloon catheter in Illiac artery 
with multiple pressure sensors (in black) on either side of the balloons and 
(b) Catheter deployed to occlude IIA.  In normal use the aortic balloon is 
inflated as an aid to confirm placement but then deflated once the IIA is 
isolated.  If aortic occlusion is indicated (e.g., massive lower limb trauma 
with uncompressible pelvic injury) the aortic balloon can be left inflated to 
occlude flow to the contralateral pelvis and leg. 
A more robust solution would isolate the internal iliac artery while maintaining 
flow of blood to the leg.  A catheter designed along these lines would also be of major 
benefit.  As far as we are aware, no hospital in the United States maintains 24-hour, in 
house angiography capability.  The ability to temporize exsanguinating pelvic bleeding 
for several hours in a manner consistent with damage control principles would be of 
substantial benefit in these highly resource-intensive patients. 
 
In ideal case, the desired catheter will have three balloons: an aortic balloon, a 
common iliac balloon, and an external iliac balloon.  While at first glance placement of 
the IIA catheter would seem to be highly complex, the actual placement of this catheter 
will actually be simpler and more robust overall than placement of the existing aortic 
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occluder catheter.  In addition to the balloons, the catheter needs to rely on sensors for the 
successful functioning of the catheter. A pressure sensor located before and between each 
balloon, can allow determination of pressures between inflated balloons.  If the balloon in 
between is not inflated, any pair of pressure sensors can be used to determine flow 
direction of blood between the sensors. Therefore such sensors could allow for 
determination of the blood pressures along with the possible indication of any accidental 
dislogding of balloons.   
 
Intravascular measurement of pressure using a catheter design which minimizes 
catheter diameters and provides reproducible measurements over a large range of 
physiologic heart rates, while avoiding the artifact inherent in fluid filled systems, would 
improve significantly the quality of data and therefore improve clinical decision making. 
In the present study, we use flexible, biocompatible piezoelectric polymer for fabrication 
of compact yet highly sensitive pressure sensors that could be easily mounted on the 
curved surfaces of a catheter. In particular, we focus on fabrication of novel nano 
structures out of PVDF-TrFE (polyvinylidene fluoride trifluoroethylene) that can be used 
to fabricate sensitive pressure sensors for biomedical applications. We describe three 
main shapes and designs: (1) thin-film planar, (2) aligned electrospun nanofiber, and (3) 
core-shell electrospun nanofiber based sensors. Of the above listed designs for 
transducers, the thin-film planar and aligned electrospun nanofiber based designs would 
act as enabling designs for the required characterization and development of core-shell 
electrospun nanofiber based sensors. Whereas, core-shell electrospun nanofiber based 
sensors will tap the near beta formation and high cyrstallinity by virtue of inherent stress 
and stretching involved in the fabrication procedure. Further, the transducer design is 
novel and one that has not been reported elsewhere. Enhancing the crystallinity in the 
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structures can result in highly sensitive pressure sensors for biomedical applications. 
Incorporation of nanofiber technology provides the opportunity to develop 
multifunctional "smart" catheters while maintaining lumen space which is important for 
aiding catheter placement and providing access for drug, contrast and indicator 
administration. 
 
1.2 DISSERTATION ROADMAP 
The motivations for the dissertation and the choice of approach are introduced in 
Chapter 1. An overview of various pressure sensing technologies, suitable for catheter 
application, are discussed in Chapter 2. Chapter 3 talks about the PVDF as a material 
along with its co-polymers. We focus on the properties of the used PVDF-TrFE co-
polymer used in the present study. Various techniques used to characterize the polymer 
are also covered in the same chapter. Chapter 4 presents results on the fabrication of 
different form factors of PVDF along with the characterization of those structures. In 
Chapter 4 we also describe the fabrication of highly aligned nanofibers and core-shell 
structures. Chapter 5 describes the device fabrication process and simulations comparing 
the advantages of using core-shell fibers versus the aligned nanofibers. Chapter 6 
describes the results obtained from testing of the fabricated devices. Finally, Chapter 7 
summarizes the dissertation and presents future research directions. 
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Chapter 2: Review of Pressure Sensing Technologies 
 
2.1 REVIEW OF SILICON BASED TECHNOLOGIES 
Implantable pressure sensors have been a topic of interest since the 1950s [16, 
27]. The history of the catheter-based blood pressure sensors dates back to 1969, when 
Melvin M. Scheinman, M.D., Joseph A. Abbot, M.D., and Elliot Rapaport first measured 
blood pressure in the pulmonary artery using a sensor incorporated with a nylon catheter. 
The next year, H.J.C. Jeremy Swan, Ph.D., and William Ganz, M.D., introduced a flow 
directed, balloon-tipped catheter [28]. Quickly becoming the standard for coronary care, 
their catheter was popular for its ease of use and ability to be used without fluoroscopy. 
These catheters, now known as Swan-Ganz or pulmonary artery catheters, utilize an 
inflated balloon wedged in a small pulmonary vessel to provide an indirect measurement 
of left atrium pressure. Subsequent techniques and alterations to the device have been 
created over the years for a variety of functions: the thermodilution technique for cardiac 
output measurement, addition of multiple lumens to allow injection of drugs through the 
catheter, incorporation of fiber optic SvO2 probes to obtain instantaneous measurements 
of oxygen saturation in the vessel, etc [29].  
 
Similarly, new procedures and devices are being constantly created for real-time 
in vivo blood pressure measurements. Primarily motivated by ICU surgery and trauma 
care, new applications for intravascular blood pressure measurements include delivering 
real-time, direct measurement of pressure; offering information about potential 
occlusions and perforations; providing controlled catheter balloon inflation; and guiding 
the catheter through the vascular network are being constantly researched up.  
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Pressure sensors can vary drastically in technology, design, performance, 
application suitability and cost. A conservative estimate would be that there may be over 
50 technologies and at least 300 companies making pressure sensors worldwide [30]. 
With the proliferation of catheters with multiple lumens, there are three main 
technologies that have emerged on the market for use as blood-pressure sensors: 
piezoresistive, inductive-capacitive, and optical 
 
Since the discovery of piezoresistivity in silicon in the mid 1950s, silicon-based 
pressure sensors have been widely produced. Microfabrication technology has greatly 
succeeded from the techniques and advancements in integrated circuit industry, 
borrowing materials, processes, and toolsets. Because of this, MEMS based devices have 
seen huge explosion and are now poised to to catalyze the development of new markets. 
The 1995 market for MEMS based pressure sensors was approximately US $1 billion, 
and was expected to grow to US $2.5 billion by 2005 [20]. 
 
The common feature of all of the pressures sensors is that they covert pressure to 
motion of a mechanical element (Figure 2.1). Many devices are based on diaphragm 
movement. Other devices sought to improve the amount of deflection of a simple 
diaphragm such as the capsule. Strain gauges were commonly used on diaphragm based 
devices. For most part of the measurable range, amount of deflection is directly 
proportional to the applied pressure. In the case of a diaphragm with large built-in stress 
or large deflections, however, this direct proportionality does not hold true. A linear 
response in the deflection measurement is often desirable, since such systems are simple 
to calibrate and measure. 
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Figure 2.1 A schematic cross section of a typical pressure sensor diaphragm. Dotted 
lines represent the undeflected diaphragm. Source: [20] 
 
2.1.2 Capacitive 
Capacitive sensors employ parallel metalized plates as capacitors and measure the 
change in the capacitance. A typical bulk-micromachined capacitive pressure sensor is 
shown in Figure 2.2. The capacitance of a parallel plate can be found from  
 
 = 	


 
 
Where, ε, A, and d are the permittivity of the gap, the area of the plates, and the 
separation of the plates, respectively. 
 
Since the deflection of a circular diaphragm is not linear, a capacitive sensor can 
be operated in contact mode to increase linearity. In contact mode, the capacitance is 
nearly proportional to the contact area, and therefore exhibits good linearity with respect 
to applied pressure [20].  
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Figure 2.2 A cross-section schematic of a capacitive pressure sensor. Source: [20] 
 
Alternative known method to achieve a linear response is to use bossed 
diaphragms. The thicker centre portion (or boss) is much stiffer than the thinner portion 
of the membrane on the outside. The centre boss contributes most of the capacitance of 
the structure and its shape does not distort appreciably under applied load. Hence the 
capacitance-pressure characteristics are more linear [20].  
 
 
Figure 2.3 A comparison of deflection shapes for uniform-thickness (left) and bossed 
(right) diaphragms. Source: [20] 
 
 pressure sensors include higher pressure sensitivity and decreased temperature sensitivity 
[13, 14
parasitic capacitance, which hindered the development of miniaturized capacitive sensors 
until on
diaphragm etching and wafer bonding that piezoresistive sensors have. However, the 
piezoresistive approach generally has a complex transducer with simple circuit 
requirements, while the opposite is
Figure 2.4
CardioMEMS, Inc. In contrast to other sensors, this sensor was not incorporated into the
catheter. Rather, it uses a catheter to guide the permanent placement of the devices inside 
the vasculature to enable continuous real
require an outside power source, it is relatively big (3.5 x 2 x 15 mm
The main advantages of using capacitive based sensors over piezoresistive 
]. However, capacitive pressure sensors suffer from excessive signal loss due to 
-chip circuitry could be fabricated 
 
Historically, cap
 
 Photograph showing an inductive
manufactured by CardioMEMS. Ref: 
A commercial sensor based on inductive
acitive sensors have benefited from the same advantages in 
 true of the capacitive approach 
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[16, 31].  
-capacitive based pressure sensor 
[32
-capacitive technology is produced by 
-time monitoring. While the sensor does not 
] 
[20].  
 
3) and is inserted 
 
 using an equally big 11 French catheter. This sensor is used for low
and requires a complex readout circuitry 
micoelectromechanical systems (MEMS) techniques, this sensor react to outer pressure 
forces by changing its capacitance. The resulting current is shared with the inductor, and 
the energy oscillates at a specific frequency. These specific frequenc
and correlated to blood pressures 
2.1.3 
that the material undergoes a change of 
enabled production of semiconductor
sensors have piezoresistors mounted on or in a diaphra
diaphragms and small deflections, the resistance change is linear with the pressure.
Figure 2.5
 
Piezoresistive
In 1954, Smith reported the piezoresistive effect of silicon and germanium, stating 
 
 Cross
sensor. Source: 
 
-section schematic of a minia
[34]. 
-based sensors 
[35] 
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turized MEMS piezoresistive pressure 
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[20]. Piezoresistive based pressure 
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-pressure applications 
ies can be measured 
Figure 2.5
 
red using 
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Figure 2.6 The evolution of diaphragm pressure sensors, adapted from [20]. 
 
The evolution of the piezoresistive pressure sensor technology is illustrated in 
Figure 2.6. Metal diaphragms were used initially to fabricate strain gauges. Metal 
diaphragms were quickly replaced with single-crystal diaphragms with diffused 
piezoresistors (Figure 2.6b), thereby eliminating the problems of hysteresis and creep 
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associated with metal diaphragms. At room temperatures, silicon is perfectly elastic and 
will not plastically deform [20]. Silicon obeys Hooke’s law up to 1% strain, a tenfold 
increase over common metal alloys [36]. This made silicon based diaphragms an 
immediate popular choice over metal diaphragms. 
 
Some of the first silicon diaphragms were created by mechanical milling spark 
machining followed by wet chemical isotropic etching, to create a cup shape [37]. These 
diaphragms were bonded to silicon supports by a gold-silicon eutectic (T = 370C) [37].  
 
Development of anodic bonding and the ability of device to withstand 500-1500V 
and 400-600C enabled fabrication of silicon diaphragms bonded to pyrex glass supports 
(Figure 2.6c) [38, 39]. Use of anodic bonding amounted to significant cost reduction in 
the sensor fabrication process. However, this did not bring about the required 
miniaturization of the piezoresistive based sensors for biomedical applications.  
 
 
Figure 2.7 Implantable bladder pressure sensor embedded in PDMS. Source: [40] 
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Introduction of silicon on insulator (SOI) technology in the 1980s offered a 
number of benefits to MEMS based pressure sensors, primarily because of the buried 
insulator that can act as an etch stop allowing precise control of the diaphragm thickness 
[41]. Since then, several miniaturized pressure sensors have been reported, which have 
silicon nitride [42-44] or polysilicon [45-47] diaphragms.  
 
The leading piezoresistive sensor is produced by Millar Instruments. This sensor 
operates by utilizing a piezoresistive material placed on a silicon substrate. When the 
material is bent as a result of a mechanical force, the crystal lattice changes and causes a 
change in resistivity of the element. The change in resistance causes a change in voltage 
which can then be detected by the sensor. The sensor is a reusable device that can be 
incorporated onto a medium-sized 3.5 French catheter and can sense pressures from -
50mmHg to +300mmHg. While the Millar instruments sensor is mechanically stable, it is 
disadvantaged by its large power consumption, temperature dependence, instability in 
dynamic field conditions, and high stiffness. This sensor has not yet been approved for 
human-use but is currently being used in animal and clinical studies [48]. 
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Figure 2.8 Photograph showing various piezoresistive based pressure sensors 
manufactured by Millar Instruments. Source: [49] 
 
2.1.4 Optics based 
Sseveral diaphragms-based optical sensors have been reported based on the  
Mach-Zehnder interferometry [50-52] and Fabry-Perot interferometry [53] principle, 
which measures pressure induced deflections. The deflection derived from these devices 
varies linearly with pressure.  
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Figure 2.9 Schematic of a diaphragm-type 125µm diameter fiber-optic pressure sensor. 
Source: [54] 
 
Optical sensors can be quite accurate, but often suffer from temperature 
sensitivity problems [20]. Moreover, aligning the optics and calibrating the sensors can 
be challenging and expensive. Furthermore, bending of the fiber can result in undesirable 
light intensity change, which results in output noise.  A readout method using white-light 
interferometry was developed that succeeded in improving sensor performance [54, 55] 
to a certain extent.  
 
 
Figure 2.10 Schematic of a fiber-optic pressure sensor. Source: [56] 
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The company Samba Sensors produces a pressure sensor using fiber otpics. This 
sensor utilizes a reflective element at the end of the sensor tip which is compressed when 
a pressure wave passes over. The amount of compression translates to a change in the 
time required to reflect light back to the light source, which is correlated to a change in 
pressure. This technology makes for very accurate sensors that are also very small. The 
sensor, however, is disadvantaged by its fragility and change in path lengths due to 
bending of the fiber, when used for in-vivo applications.  
 
 
Figure 2.11 Photograph showing fiber-optic pressure sensor. Source: [56]  
 
2.1.5 Disadvantages 
With the advent of micro-electro-mechanical systems (MEMS) technology, both 
types of sensors (piezoresistive and capacitive) can be fabricated in a miniaturized 
fashion. Further, advancements in SOI based piezoresistive pressure sensors did decrease 
the required die size and simplified integration with electronics, but at the cost of reduced 
sensitivity and reproducibility of mechanical properties. Presently, piezo-resistive sensors 
are more commonly used in catheter based pressure sensing systems since they are better 
suited for periodic pressure sensing systems. They may be better suited for periodic 
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pressure measurement rather than for dynamic telemetric applications as the power 
consumption is high. Piezoresistive sensor often produces a large temperature error [20]. 
Capacitive sensors are more suited to implantable devices because of their sensitivity. 
Most importantly the reduced power consumption is essential for wire-less applications 
as power is not randomly available. For this reason research in the area of implantable 
pressure sensors tends to focus on the use of capacitive MEMS devices [57]. Drawbacks 
of a capacitive sensor for implantable applications include the need for active implanted 
electronics and its instability over various environmental conditions. 
 
2.2  PIEZOELECTRIC SENSORS 
Piezoelectricity is the phenomenon of generation of charge from a material under 
stress. This effect is also reversible. In other words, when a charge is introduced to a 
piezoelectric material, it undergoes deformation. Use of piezoelectric transducers has the 
ability to make improvements in a number of areas. First, existing sensors are bulky and 
most of their components must be mounted to the distal end of a catheter as they are too 
large to fit within a catheter lumen. These sensors also contain transducing fluids or 
multiple wires that fill the majority of the lumen volume. The thin film design of a piezo 
electric based sensor allows the entire sensor to be directly mounted onto the catheter; 
only a wire connected to the sensor’s electrodes will need to be stored in the catheter, 
opening up the intraluminal space otherwise occupied by competitors’ products.  
There are numerous piezoelectric materials, including Barium titanate, lead 
zirconate titanate, lead titanate, zinc oxide among synthetic ceramics and sucrose, quartz, 
topaz, Rochelle salt, tendon amongst naturally occurring piezoelectric crystals. 
Application of these materials for the fabrication of thickness monitors, UV and IR 
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sensors, ultrasound transducers and energy harvesters is highly common [58]. However, 
ceramics and natural crystal based piezoelectric materials are not frequently used for 
fabrication of pressure sensors.  
Further, the piezoceramics are not biocompatible. ZnO wires are inflexible and 
brittle with a large modulus of 21 GPa and fracture strain of only several percent [59]. 
The low fracture strain of ZnO wires means that breakage can occur when small 
deformations are applied. Even if many wires are incorporated into the device to increase 
charge, fracture of a few would lead to catastrophic failure of many other wires since the 
same mechanical load would be distributed amongst fewer wires. Further, ZnO is 
difficult to pattern, assemble into devices, stack in multiple layers and soluble in even 
dilute (< 1%) saline solutions [60, 61] making encapsulation challenging, especially 
given that the lead sheath is not a perfect barrier to penetration of body fluids over the life 
of the implant [62, 63]. 
 
2.2.1 Piezoelectric polymers 
Polymers can be of two types: a) polar polymers such as PVDF (polyvinylendene 
fluoride), and b) nonpolar polymers such as polyethylene and polytetrafluoroethylene 
(Teflon). When a polymer material is introduced to a high electric field, the dipoles of the 
polymer will be re-oriented. There will be no dipole alignment in a non-polar polymer, 
however. Therefore, in a non-polar polymer, the net dipole on the bulk polymer is due to 
induced dipoles. Whereas in a polar polymer, the net dipole is from individual 
contributions of atomic, dipolar, and space charge polarizations [64].  
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Piezoelectric polymers such as PVDF (polyvinylendene fluoride) have several 
significant advantages over ZnO or any other ceramic. Firstly, piezoelectric polymers 
couple the high charge output of a piezoelectric material and flexibility of a polymeric 
material, besides being very good insulating materials.  
 
Second, they can be processed into thick and thin films or any other desired size 
and shape. Third, they posses superior thermomechanical and chemical resistance 
properties [64]. 
 
Further, it is well known that the existing capacitive and piezoresistive pressure 
sensors are relatively unstable in dynamic flow conditions and can only be used in low 
pressure applications due to low flexibility and high rigidity. Because flexible 
piezoelectric polymers can withstand the mechanical forces created in high pressure 
applications, piezoelectric polymer are the ideal choice for sensor fabrication.  
 
2.3 PVDF BASED SENSORS 
PVDF exhibits the highest piezoelectricity among all piezoelectric polymers. 
Along with the high electromechanical coupling coefficient and its semi-crystalline 
nature, makes PVDF a popular choice for fabrication of robust and sensitive sensors. 
PVDF is an ideal biomaterial because it is nontoxic, inert, resistant to water absorption 
(absorbs < 0.04% by weight), biocompatible [65] and clean-room friendly. 
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Figure 2.12 Dome and bump shaped PVDF-TrFE based piezoelectric tactile sensor 
modules for smart catheters. Source: [66] 
 
The principle of fabricating PVDF based sensors remains the same. A diaphragm 
made using PVDF is usually used as the sensing element. Compression or stress in the 
membrane produces charge, which is recorded using the metalized electrodes coated on 
either side of the diaphragm. M. Robert et al. [67] reported a process that spin coat the 
copolymer film directly onto a curved substrate in order to make uniform surface using 
press focusing and lapping over a curved surface. However, this approach also required 
multi-processing steps and its result was not satisfactory. In contrast, C. Li et al. [68] and 
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Chunyan et al. [66] reported the film to be spin coated on a flat substrate and transferred 
onto the rounded catheter backing (Figure 2.12). However, this extra step required the use 
of an adhesive layer and a proper fit to the final substrate. Such transferring the film from 
its original substrate to the curved backing of the sensors can result in damage to the 
fragile piezoelectric film. Another problem is that the adhesion layer can become a source 
of another interface, which may be a major concern at high frequencies where the 
thickness of the glue layer may approach the dimension of a wavelength of the acoustic 
signal. 
 
While use of PVDF as membrane for ultrasound transducers has been well 
known, application of PVDF for pressure sensing application is a recent trend. In another 
study, C. Li et. al. [69] reported the dual-mode operation of polyvinylidene fluoride 
trifluoroethylene (PVDF-TrFE) piezoelectric polymer diaphragm, capacitive, or resonant 
mode, as flexible intracranial pressure sensors (Figure 2.13). The dual-mode capability of 
the sensor had advantages of (a) high linearity in small pressure ranges of 0–50 mmHg 
and insensitivity to environmental temperature variations in the capacitive mode; and (b) 
high sensitivity and resonant frequency as the output in the resonant mode which allows 
easy adaption for wireless application. In addition, this approach provided two detection 
methodologies on a single device, thus allowing the independent measurement of 
pressure signals, thus generating two sets of data for comparison and error checking. 
However the sensor was bulk (in thickness) and use of air-cavity can prove to be lethal 
when employed for in-vivo applications. 
 
26 
 
 
Figure 2.13 (a) Schematics of the intracranial pressure sensor and (b) photograph of the 
developed intracranial pressure sensor on smart multimodal catheter. 
Source: [69] 
 
2.4 PRESENT APPROACH 
We have developed versatile microsensors with built-in nanostructures as the core 
sensing elements that can profoundly revolutionize the catheter development, especially 
for combining multiple monitoring and diagnostic modalities on a smaller catheter. 
Untreated PVDF itself cannot have β phase without delicate mechanical stretching or 
electrical poling processes (Chapter 3). Additionally, due to its incompatibility with the 
standard lithography process, many alternative fabrication methods such as screen 
printing and shadow mask process [70] have been developed.  
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Our approach offers a practical option to overcome these limitations, and offers 
cost-effective batch process with high film uniformity and high resolution of polymer 
patterning towards enhanced sensor performance using standard clean room and 
electrospinning techniques.  
 
In the present study, we focus on fabrication of novel nano structures out of 
PVDF-TrFE that can be used to fabricate sensitive pressure sensors for biomedical 
applications. In particular, we will work on three main shapes and designs: (1) thin-film 
format, (2) highly aligned electrospun nanofiber, and (3) aligned core-shell electrospun 
nanofiber based sensors.  
 
PVDF has been conventionally drawn in to films either by melt casting or solvent 
casting. These techniques usually produce thicker films of PVDF (>15µm). Thin films of 
PVDF can be easily spin-coated from the solution obtained by dissolving the raw 
polymer in an organic polar solvent. In the present report, we study the effect of 
confining PVDF polymer to thickness of around 1µm and compare the sensor 
performance with thicker PVDF film based sensors. The gained insights from developing 
thin-film PVDF-TrFE based pressure sensors can act as enabling design for the required 
characterization and development of nanofiber based sensors.  
 
To fabricate nanofibers on a substrate, we will employ and optimize the technique 
of electrospinning. Electrospinning is a process through which nanofibers are produced 
under the influence of an electric field. The high electric fields involved in 
electrospinning result in simultaneous pulling and poling of the fibers [71], resulting in 
fibers with dipole moments oriented along the length of the fibers. Further, it has been 
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previously shown that the higher strain gradients and higher electromechanical coupling 
coefficients associated with nanofibers can result in significantly higher signal output 
compared to PVDF thin films [72]. In order to create highly sensitive and robust pressure 
sensors, high density of highly aligned nanofibers were fabricated. 
 
 
Core 
(Conductive 
Polymer)
(+)
PVDF-TrFE
Metal coated 
fiber
 
Figure 2.14 Schematic of Novel Core-Shell Electrospun PVDF Fiber showing the 
sandwiched nature of piezoelectric polymer 
 
Nanofiber based devices tap in to the high electromechanical coupling 
coefficients to generate higher signal output. However aligned nanofiber based sensors 
call for extra steps to prevent the effect of stray electrostatic charges interfering with 
device signals. Further, as the dipole moments are aligned in the direction of the 
nanofiber, the devices operate in d31 mode which is not the most effective excitation 
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mode. Therefore, using aligned nanofibers is not the most ideal scenario, compounded by 
the fact that most of the charge is lost due to the high internal resistance of the polymeric 
fibers.  
 
In order to circumvent the above problem and fabricate highly sensitive sensors, 
we fabricated core-shell electrospun fibers (Figure 2.14). The core of this fiber was made 
from conductive polymer (PEDOT:PSS) and the shell was comprised of PVDF-TrFE. 
After successfully fabricating core-shell structures, thin film of metal was sputtered to 
form the external electrode. High sensitivity can be expected from these devices due to 
their higher surface area to volume ratio and d33 mode of operation (similar to 
sandwiched thin film devices, Chapter 3). Further, people have fabricated highly aligned 
nanofibers in the past [73-75], however, application of core-shell fibers for sensing 
application has not been explored. Development of versatile sensors that use these core-
shell structures can profoundly revolutionize the catheter development, especially for 
trauma care surgery. 
 
2.5 SUMMARY 
In the present chapter, we described the history of pressure sensors for biomedical 
application and the development of catheters with on-tip pressure sensors. Silicon based 
pressure sensing technologies have come a long way since its inception in the mid 1950s. 
Piezoresistive and capacitive based sensing technologies are the most common 
technologies employed so far for biomedical pressure sensing application.  
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We also described the operating principle and design of optic fiber based pressure 
sensing. The disadvantages of conventional techniques for in-vivo pressure sensing can 
be overcome using piezoelectric polymer based materials. The high-flexibility coupled 
with the high electromechanical coupling efficiency lends piezoelectric polymer, like 
PVDF, added advantage over conventional sensing technologies.  
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Chapter 3: PVDF and Material Characterization 
 
3.1 INTRODUCTION 
In this chapter we introduce the structure and properties of PVDF 
(Poly(vinylidene fluoride))  and its co-polymers. We compare the advantages of using 
PVDF-TrFE versus PVDF as our starting material for fabrication of our transducers. This 
chapter also describes the various techniques employed in the present study to 
characterize the different structures that can be fabricated using PVDF.  
 
3.2 PVDF AND ITS CO-POLYMERS 
PVDF exhibits numerous mechanical and electrical properties, such as 
piezoelectricity, pyroelectricity, nonlinear optical property, etc [64]. Originally, the 
possibility of PVDF being a ferroelectric polymer was predicted based on X-ray 
diffraction of the crystal structure, making it the first ferroelectric polymer to be 
discovered. Ferroelectricity is a property of certain materials which has a spontaneous 
electric polarization that can be reversed by the application of an external electric field. 
The distinguishing aspect of PVDF, however, is its associated properties of 
piezoelectricity. PVDF shows the highest piezoelectricity amongst the synthetic 
polymers.  The effect on its crystalline structure due to nano-confinement fabrication of 
nanostructures using PVDF is new, however [76, 77]. PVDF is soluble in most of the 
polar organic solvents, viz. DMF, MEK, THF, DMAc, Acetone etc. Such solubility in a 
variety of solvents allows fabrication and patterning of PVDF in different shapes and 
forms. Further, there is huge scope of improvement or modification of PVDF properties 
by making PVDF composites using various additives [78-83]. In the present chapter, we 
 touch upon the properties of PVDF as a polymer and one its 
polymer with TrFE.
 
3.2.1 
1969, there have been many researches on PVDF 
semicrystalline polymers with at least three crystalline phases, famous for its 
pyroelectric, piezoelectric, and ferroelectric pr
of PVDF is relatively simple, the monomeric unit has s directionality of CH
(tail), which gives the polymer its property of polarization. The PVDF can form a 
different crystal depending on the conditi
structures include nonpolar 
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Amongst these phases, β phase is important since it has largest effective dipole 
moment [70]. The crystal structure for β-phase PVDF show how the dipoles are aligned 
parallel to each other to create surface charge separation under stress or compression. 
Due to the random orientation of the dipoles in the α-phase, the dipoles cancel out each 
other resulting in no net surface charges [92]. When PVDF is cooled from the melt, the 
crystalline phase formed is the nonpolar alpha-phase with TGTG confirmation. The key 
to achieving high piezoelectricity of the PVDF polymer is forming β-crystalline phase, 
which significantly improves sensor and actuator performance. The beta-phase crystal 
has all transconformation that results in the most polar phase among other crystals, being 
used extensively in piezoelectric, pyroelectric, and ferroelectric applications. Untreated 
PVDF itself cannot have β phase without delicate mechanical stretching or electrical 
poling processes. Efforts to gain β-PVDF easily were connected to compile the 
consequences of the works, which include the growth from solution, epitaxy on the 
surface of potassium bromide and crystallization at high pressure. The β-phase is 
typically obtained by mechanical deformation of melt-crystallized films. Additionally, 
due to its incompatibility with the standard lithography process, many alternative 
fabrication methods such as screen printing and shadow mask process [70] have been 
developed.  
 
Recently Li et al. reported the transition from α to β of ultrathin PVDF films 
prepared by melt state drawing method  [93]. However, there exists no other well-defined 
way of getting β crystal of PVDF than mechanical stretching, which is quite different to 
be applicable to thin film processes. The γ-phase has similar structure to β crystal, 
however slightly different TTTGTTTG conformation [94].  
 
  
 
Figure 3.2
molecular chains are aligned parallel to draw direction for PVDF polymer 
Waal’s forces predominate in the directions normal to the draw direction whereas the 
stronger covalent chemical bonds dominate along the chain axis (draw direction). 
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PTrFE is the same as the cooled phase which has the all-trans conformation. This 
structural model permits the formation of spontaneous polarization in TrFE. 
  
In order to improve crystallization without the mechanical stretching, PVDF-
TrFE, a copolymer PVDF, was introduced by [96]. The presence of TrFE in the 
copolymer of the PVDFx -TrFE1-x film introduces significant features to the PVDF 
homopolymer owing to a higher level of piezoelectricity than in PVDF [64]. PVDF/TrFE 
co-polymers with TrFE content higher than 50mol%, however, ferroelectric nature 
becomes weak with increasing TrFE content [64]. First, it increases the tendency to 
crystallize in the polar β-phase without the requirement of mechanical stretching to 
transform the nonpolar α-phase to the polar β-phase as in the case of PVDF as 
0.6<x<0.85  [66] where the copolymer at composition 75/25 mol. % exhibits the highest 
piezoelectric responses [95]. Secondly, addition on TrFE as copolymer introduces a 
defined curie transition temperature, above which the crystal transformation from a 
ferroelectric to a paraelectric crystal takes place, allows for extrapolation to the PVDF 
homopolymer, for which no curie temperature has been observed [64].  
 
 The forced formation of the polar beta phase by using PVDF-TrFE in place of 
PVDF has spurred the widespread usage of PVDF-TrFE for novel applications, where 
poling and mechanical stretching might not be feasible. Thin structures employing 
PVDF-TrFE find use as novel FETs [97-99], pressure sensors [66, 68, 91, 100, 101], 
miniature temperature sensors [102-104], ECG monitors [70], iVUS catheters [105-107], 
etc. A comparison of the different mechanical and electric properties of PVDF-TrFE and 
other piezoelectric materials is given in Table 3.1. 
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Table 3.1 Summary of ferroelectric properties of different materials, adapted from 
[11] 
Material Density (g/cm3) 
Piezoelectric 
constant, d 
(pC/N) 
Pyroelectric 
coefficient 
(µC/m2K) 
Coupling 
factor 
(%) 
Youngs 
Modulus 
(GPa) 
PVDF 1.76 20 40 16 10-12 
PVDF-
TrFE 
1.9 15-30 30-40 20 10-12 
PZT-5 7.75 171 60-500 34 60-120 
Quartz 2.66 2 - 9 - 
 
3.3 QUALITATIVE MATERIAL CHARACTERIZATION 
In order to assess the properties of the structures fabricated from PVDF, we used 
various material characterization techniques. Qualitative techniques provide us with 
information about the quality of structural morphology, distribution of crystalline 
domains, and elemental composition. Some of the qualitative techniques used in the 
present study for analysis of PVDF structures are: 
 
3.3.1 Cross polarized microscopy 
PVDF is a birefringent material that interacts differentially with differently 
polarized light. It is due to this property of PVDF that anisotropic crystalline structures of 
PVDF can be easily observed using cross-polarized microscopy. Cross-polarized 
microscopes uses two linear polarizers, on either side of the sample, aligned 
perpendicular to each other. Therefore, all the source light (background) appears dark in 
such an image. The portion of this beam that interacts with the crystals of PVDF ends up 
bending to differential refractive index of the material (sample). Thus, all the crystalline 
domains in such a sample appear bright colored.  
 
 Figure 3.3
orientation and grain size of the sample. Further, it can also be used to qualitatively 
determine what percentage of the structure might be crystalline in nature and how the 
crystalli
cross
different magnifications. 
Figure 3.4
 Cross
film observed at different magnifications. The images show highly 
crystalline regions near the edges of the PVDF film
Cross-polarized microscopy is an easy technique to study the crystalline 
ne domains might be distributed in a sample. 
-polarized microscopy images obtained for commercial PVDF
 Cross
film observed at 60x 
-polarized microscopy images of a commercial PVDF
 
-polarized microscopy image of a commercial PVDF
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3.3.2 FTIR Spectroscopy 
Fourier transform infrared spectroscopy (FTIR) is a technique which is used to 
obtain an infrared spectrum of absorption or transmission of the sample under question 
[85]. Since PVDF is a piezoelectric polymer, the dipole moments in PVDF structure exist 
due to certain orientation of the fluorine atoms with respect to the carbon atoms. Using 
FTIR, it is easy to detect the molecular orientation of these dipoles from the fingerprint 
spectra of its absorbance characteristics.  
 
Typically, several scans (250 scans) are performed on the sample at a scan rate of 
2cm-1 for higher sensitivity from thin samples. In order to collect highest signal possible 
from the fabricated thin films or nanofibers, FTIR spectroscopy was done in grazing 
angle incidence mode, rather than transmission mode.  
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Figure 3.5 FTIR spectrum obtained for a PVDF-TrFE thin film under grazing angle 
incidence reflection mode 
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Figure 3.5 shows a typical FTIR spectra observed for a PVDF thin film in grazing 
angle incidence reflection mode. Whereas Figure 3.6 shows the FTIR spectra obtained 
using the same sample in transmission mode. A quick comparison of the two graphs 
shows the similar fingerprint spectrum observed with a difference in the beta phase peak 
intensities (observed around 511, 840 and 1290cm-1 [85, 93, 108]). Therefore, grazing 
angle incidence reflection mode gives better information about the beta phase structure, 
compared to the transmission mode. 
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Figure 3.6 FTIR spectrum obtained for a PVDF-TrFE thin film in transmission mode 
 
3.3.3 Raman Spectroscopy 
Raman spectroscopy is a complimentary technique to FTIR spectroscopy that uses 
a laser to study vibrational, rotational, and other low-frequency modes in a polymer 
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[108]. The laser light interacts with molecular vibrations, phonons or other excitations in 
the polymer, resulting in the energy of the laser photons being shifted up or down.  
 
In the present study, sample for raman spectroscopy was spin coated on an 
aluminium disk. Raman spectroscopy was done using Renishaw InVia Raman 
spectroscope using green laser (514.4 nm) with exposure set to 30 seconds.  
 
3.3.4  Scanning Electron Microscopy 
Scanning electron microscope (SEM) produces images of a sample surface with a 
focused beam on electrons thermionically emitted from a gun [109]. SEM is capable of 
reveling important morphological features and overall structure of the micro or nano 
sized particles with great resolution.  
 
Patterned nanofibers or film surface morphology was imaged using scanning 
electron microscopy. For all PVDF based samples, metallic coating of gold-palladium 
was done on the sample to avoid charging of the samples. Figure 3.7 shows a SEM image 
obtained from a PVDF electrospun fiber.  
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Figure 3.7 SEM image of a PVDF fiber electrospun using 20% (w/v) PVDF solution 
from MEK 
 
3.3.5  Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a technique that uses a beam of 
electrons to pass through a very thin specimen sample [110]. The image that is formed is 
a result of the interaction of the electrons transmitted through the specimen. TEMs are 
capable of imaging higher resolution that helps resolve fine details such as single 
nanoparticles. 
 
 
42 
 
 
Figure 3.8 TEM image showing a core-shell electrospun fiber. The core and the shell 
show distinct contrast due to the differential interaction with the electron 
beam. (Core = PMMA, Shell = PVDF) 
For TEM imaging of an electrospun structure, the fibers were directly electrospun 
on top of TEM grids. The TEM grids were placed on the current collector (Chapter 4) 
surface. In order to avoid the charging of the fibers due to the electron beam, we used 
finer mesh TEM grids (400 or higher, TedPella) coated with carbon and fomvar. Carbon 
coating on the TEM grids help stabilize the fibers. Sometimes, if the fibers under 
observation in a TEM are big (>1µm in diameter), the fibers might be ribbons. 
Additionally, SEM imaging can reveal the surface morphology or structure of the fibers. 
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3.3.6 Energy-dispersive X-ray spectroscopy  
 
Figure 3.9 Photograph showing EDS imaging of PVDF fiber (fluorine atom) over a 
SEM image of the same 
 
Energy dispersive X-ray spectroscopy relies on the use of x-ray excitation for 
elemental detection. Combined with the SEM or TEM instrument, EDS is capable of 
hypermap imaging of structures along with elemental analysis simultaneously. EDS uses 
raster scanning methodology to detect for the desired element. Figure 3.9 shows such a 
map of fluorine atom detection using EDS coupled to SEM imaging system.   
 
3.3.7  Laser scanning confocal microscopy 
Laser scanning confocal microscopy (LSCM) combines the capability of a 
confocal microscope to selectively focus at a certain depth along with excitation using an 
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external laser for fluorescence imaging [111]. This allows for easy imaging of all the 
fluorophores in a single plane to be viewed simultaneously. Also, by automating the focal 
plane control, it is possible to obtain fluorescence information at different z-positions 
though the sample and reconstruct digitally for assembly of a 3D figure.  
 
 
Figure 3.10 Photo showing a core-shell electrospun fiber images using LSCM (Core = 
PMMA and fluorescein from MEK; Shell = PVDF and rhodamine B from 
DMF) 
 
Figure 3.10 shows a LSCM image obtained from a core-shell fiber using two 
different fluorescent dyes added to the different solutions used to fabricate the structure. 
Fluorescein (shown in green) is a yellow dye and rhodamine B (shown in purple) is a red 
dye by nature. Therefore, two different lasers (Argon laser) were used to excite the 
respective fluorophores close to their excitation wavelengths. The emission is then 
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collected using different photomultiplier tubes (PMT) and converted to intensity maps, 
which are artificially colored. The two maps are then overlapped to create a composite 
image of the sample. 
 
3.4 QUANTITATIVE 
While qualitative techniques are important to get an idea about the nature of the 
structure fabricated, it is very important to be able to compare two samples quantitatively 
for reasonable prediction of the expected output. Quantitative analysis techniques can 
help us compare the percentage of crystallinity between two samples by determining the 
absolute crystallinity of the sample under observation. Some of the quantitative 
techniques used in the present study are: 
 
3.4.1 Differential scanning calorimetry  
Differential scanning calorimetry (DSC) measures the amount of heat required to 
raise the temperature of the PVDF sample, plotted as a function of the sample 
temperature. The amount of heat consumed or released by the sample is analyzed by 
comparing with a reference, which is maintained at nearly the same temperature as that of 
the actual sample [112]. 
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Figure 3.11 Weight normalized DSC curves of (a) commercial PVDF-TrFE film, and (b) 
commercial PVDF film 
 
DSC can reveal very important information about polymers like the melting 
temperature, crystallinity of the film, and curie temperature of piezoelectric polymers. All 
the DSC curves are normalized by the weight of the sample for comparison, as shown in 
Figure 3.11. From Figure 3.11a, we observe the melting point of PVDF-TrFE films to be 
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around 150ºC and the melting point of TrFE to be around 110ºC. There is no similar 
melting peak observed for commercial PVDF film in Figure 3.11b. Further, the area 
under the curve and peak characteristics gives us a measure of the film crystallinity. 
Sharper and higher magnitude peaks, as in Figure 3.11a for PVDF-TrFE film, indicates 
higher crystallinity in a PVDF-TrFE film when compared to a melted PVDF-TrFE film. 
 
3.4.2 Electrical hysteresis 
Electrical hysteresis involves charging one of the electrodes of a PVDF film using 
an external power supply. Such a charging of the PVDF film causes generation of charge 
on the surface of the film, which can be measured using a charge amplifier connected to 
the other electrode of the PVDF film. The output from the charge amplifier is fed to a 
data acquisition system along with the input voltage. A schematic of the setup is shown in 
Figure 3.12.  
 
 
 
Figure 3.12 Schematic of hysteresis setup 
 
Quantification of the charge generated by PVDF film as a function of the input 
voltage can be used to determine the percentage crystallinity of the PVDF film. Figure 
3.13 shows the electrically hysteresis done on PVDF film at different voltage sweep 
frequencies. It was found that 100mHz works best for measuring electrical hysteresis of 
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the film. Further, the y-intercept of the electrical hysteresis loop is a direct measurement 
of the remanent polarization in a PVDF film.  
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Figure 3.13 Electrical hysteresis of PVDF film carried out at (a) 10mHz, and (b) 
100mHz voltage sweep 
 
Using the value of the remanent polarization for the sample, film crystallinity can 
be easily calculated using the following: 
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Where, Pr is the remanent polarization (or y-intercept) obtained from the sample, 
and 165mC/m2 is the polarization of a PVDF film if the entire film was crystalline in 
nature [95]. 
 
3.5 SUMMARY 
In the present chapter, we compared and contrasted the properties of PVDF and 
PVDF-TrFE and concluded that PVDF-TrFE offers the flexibility of fabricating novel 
nanostructures without the need for any additional mechanical stretching or poling. 
Therefore, PVDF-TrFE will be used in the present study. 
 
We also discussed the various qualitative and quantitative techniques that can be 
used to analyze the properties of PVDF-TrFE based structures. These techniques, 
combined together, can provide in-depth insight on the molecular orientation and 
additional modifications that can be made to boost the pressure sensor’s sensitivity. 
  
50 
 
Chapter 4: Fabrication of PVDF-TrFE Structures 
 
4.1 INTRODUCTION 
 
In this chapter, we introduce the fabrication techniques for PVDF based 
structures. In particular, we fabricated PVDF into three different form factors: (a) Thin-
films (1µm), (b) Highly aligned nanofibers, and (c) Highly aligned core-shell nanofibers. 
These structures were fabricated using standard clean-room compatible techniques. The 
compatibility of the fabrication structures with most of the existing silicon 
microfabrication techniques ensures the future opportunities of the sensor fabrication on a 
large scale. 
 
In addition to fabrication of these PVDF structures, material characterization was 
also done for each individual form factor. Thin-film characterizations were done in great 
details to compare the reported fabrication techniques with the commercial techniques for 
highly crystalline PVDF structures. Ensuring high crystallinity in thin-film structures 
enables fabrication of highly sensitive sensors. In pursuit of fabrication of highly 
sensitive, yet compact sensors, 1µm thin films were studied and compared against thicker 
(conventionally fabricated) PVDF films. 
 
Fabrication of nanofiber structures using PVDF for sensing application is 
relatively new [71]. Therefore, in the present study, some of the characterization 
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techniques used for PVDF thin-films were extended for nanofiber based structures as 
well. We further discuss the custom built setup employed for the fabrication of the 
desired nature of nanofibers. 
 
4.2 REVIEW OF PVDF BASED STRUCTURES 
Thick PVDF or PVDF-TrFE films have been fabricated conventionally. Due to 
the resonance frequency of the material lying in kHz to MHz region, PVDF has been 
exploited towards ultrasound transducer applications [64, 95, 113] and high frequency 
sensors, like hydrophones, pyroelectric sensors, etc [95]. For all these applications, the 
aim is to acquire noise free, high quality signal, which is usually achieved using high 
surface area in thin film format. Further, since these applications required the film to be 
highly durable, thick PVDF films (100µm – several mm) were typically used.  
 
Focus towards using thin-films is a very recent trend, fuelled by the IC chip 
industry, to exploit the high-k dielectric nature of the PVDF thin films. Films as thin as 
sub-100nm have been employed for this purpose.  
 
Recent studies have also highlighted the importance of PVDF based nanofibers 
[77, 114] over thin films. In the present chapter, we report the characterization and 
properties of all the above mentioned structures. Later in the chapter, we introduce novel 
core-shell structures, fabrication and characterization of the same.  
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4.3 SPIN COATING OF PVDF-TRFE THIN FILMS 
The spinning process is of primary importance to the effectiveness of pattern 
transfer. The quality of the PVDF film determines the density of defects transferred to the 
device under construction. The application of too much PVDF solution results in edge 
covering or run-out, hillocks, and ridges, reducing manufacturing yield. Too little 
solution may leave uncovered areas.  
 
Different concentration solutions of PVDF-TrFE in methyl-ethyl-ketone (MEK or 
2-butanone) were prepared by dissolving the appropriate quantities of PVDF-TrFE 
(70:30) powder overnight on a magnetic stirrer at 40 ºC. For the present study, three 
different solutions, having PVDF-TrFE concentrations of 8 %, 15 %, and 20 % 
weight/volume in MEK, were prepared. The resulting solution is optically clear by 
nature. About 1mL of this prepared solution is dispensed on a 4” wafer to spin-coat the 
entire wafer surface. The spin coating recipe used consists of two important steps: (a) 
ramp (acceleration) at 500rpm/s for 10s; and (b) rotation at 1000rpm for 30s, to result in a 
smooth and uniform film. 
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Figure 4.1 Film thickness vs. spin speed with various weight/volume in MEK solution 
 
Figure 4.1 shows film thickness for PVDF-TrFE films that was obtained using 
different solution concentrations, versus spin speed. The film thickness decreased as spin 
speed increased.  
 
In the present study, and for material characterization, we used 8 % w/v PVDF-
TrFE copolymer with 2000 rpm for 30 sec to get 1 µm thickness and 20 % w/v PVDF-
TrFE at 4000 rpm for 30 sec to get 6 µm thickness. The surface of the fabricated films 
can be imaged for presence of pin holes using SEM (scanning electron microscopy) or 
AFM (atomic force mircroscopy). Figure 4.2 shows the SEM images showing defect free 
PVDF-thin-films spin coated on the surface of a silicon wafer. 
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Figure 4.2 SEM image showing the defect-free surface of the fabricated PVDF film  
 
The surface properties of the spin-coated PVDF films were found to be similar 
when the silicon substrate was replaced with kapton (polyimide) film. This enabled ease 
of film fabricated procedure to flexible films, which was necessary for the flexible 
devices fabrication (Chapter 5).  
 
The fabricated PVDF films showed poor adhesion on the silicon substrate. The 
film was cured in vacuum oven at 130 oC for 5 hours for strong adhesion. Figure 4.3 (a) 
shows the SEM images of 20 % w/v PVDF-TrFE, showing poor adhesion on the silicon 
substrate under regular heat treatment and Figure 4.3(b) 8 % w/v PVDF-TrFE, shows the 
strong adhesion under vacuum oven heat treatment.  
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Figure 4.3 SEM images of PVDF-TrFE thin film on substrate. (a) 20% wt PVDF film 
showing poor adhesion under regular heat treatment; and (b) 8% wt PVDF 
film, showing strong adhesion under vacuum-oven heat treatment 
 
4.4 CRYSTALLINITY OPTIMIZATION 
 
As describe before (Chapter 3), PVDF is a semi-crystalline material and may 
exhibit any of its four phases, α, β, γ, and δ. Amongst these phases, β phase is important 
since it has largest effective dipole moment [70]. The key to achieving high 
56 
 
piezoelectricity of the PVDF polymer is forming β-crystalline phase, which significantly 
improves sensor and actuator performance. Thus there are two important parameters on 
which the final sensor performance could be dependent: (a) crystallinity of film, and (b) 
percentage of β phase crystalline. For a highly sensitive pressure sensor fabrication, it is 
important not only to fabricate highly crystalline PVDF films, but also that most of those 
crystalline domains exist in β phase. The crystallinity of the PVDF films can be affected 
or altered by one of the following: (i) mechanical stretching, (ii) annealing temperature, 
(iii) solvent, or (iv) poling.  
 
4.4.1 Mechanical stretching 
 
In the present case, due to the nature of the thin films fabricated, it is difficult to 
peel off the thin films form the substrate for further mechanical stretching. Therefore, we 
analyzed the effect of stretching PVDF films due to spin-coating of the samples. To 
analyze the impact of mechanical stretching on film crystallinity, we investigated the 
difference in different film thicknesses using FTIR, Raman spectroscopy and DSC.  
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Figure 4.4 Plot showing similar FTIR spectrum obtained for different thicknesses of 
PVDF films 
 
Figure 4.4 shows the FTIR spectrum for the different PVDF films fabricated in 
the present study. All the spectrum were normalized with respect to the 1400cm-1 peak. 
Comparison of the spectrum obtained from different samples indicates minimal 
difference in the crystalline structures of the different films. Previously, published reports 
have indicated an increase in crystallinity with confinement of PVDF structures [ref]. 
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However, there are two main differences between such studies and the present work: (a) 
those studies involving increase in the PVDF crystallinity used PVDF as the starting 
material whereas in the present study, we have used PVDF-TrFE co-polymer; and (b) the 
studies reported changes in crystallinity for sub-100nm feature sizes fabricated out of 
PVDF whereas in the present study, fabrication of thicker structures (1µm) films would 
give us the desired sensitivity for pressure sensing applications. 
 
Figure 4.5 showing the Raman Spectroscopy peaks for two different PVDF film 
thicknesses are highly distinct. We notice a clear sharpening in the β-phase crystal phase 
(840 cm-1) on curing the 1µm and 6µm thick PVDF-TrFE films. Further, we notice that 
the α-phase crystals (800 cm-1) in the PVDF-TrFE films decreases or get eliminated as 
the film is annealed at 110ºC. This phenomenon has also been reported elsewhere [108]. 
The intensity of the peak from PVDF absorbance (1430 cm-1) remains unaltered, 
however.  
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Figure 4.5 Raman Spectroscopy measurements for the various PVDF-TrFE films used 
in the present study, showing enhancement of beta phase on curing of films 
 
Raman spectrum shows mainly the presence of the β-phase crystal domains 
throughout the films. Less noticeable, however, is the presence of the α-phase crystal 
structures also. Further, from raman spectroscopy, we can determine the percentage of 
PVDF:TrFE from the absorbance information (Chapter 3). By finding out the absorbance 
of PVDF at 1430cm-1 and TrFE at 1297cm-1, we estimated the molar ratio as: 
 
Percentage of PVDF:TrFE = A1430/(A1430+A1297) = 70:30 
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From the above information, we obtained the molar ratio of PVDF:TrFE (70:30), as 
expected.
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Figure 4.6 Plot showing the weight normalized DSC curves of PVDF-TrFE films for 
different thickness. Inset shows the entire DSC spectrum 
 
It is easy to compare the overall crystallinity of a polymer using Differential 
scanning calorimetry (DSC) results. Figure 4.6 shows higher crystallinity obtained from 
1µm thick PVDF films compared to 6 µm and 100nm films. Further, we also see the 
representative curve for curie temperature (Tc) for PVDF-TrFE at 118ºC. Curie 
temperature is the temperature, which when exceeded, the piezoelectric material losses its 
piezoelectricity. The second peak, around 147ºC, corresponds to the PVDF melting peak. 
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Sharpness of this peak and higher area under the curves are representative features of 
highly crystalline polymers. Therefore, 1µm films were found to have the highest 
crystallinity amongst the different PVDF films studied. 
 
4.4.2 Annealing  
 
Annealing process involves heating the samples to a certain temperature in order 
to provide the structures sufficient energy for molecular re-orientation, releasing stress 
involved due to spin-coating or increased adhesion. As we showed above (Figure 4.3), 
heating the PVDF films increases adhesion to the silicon substrate. Since the Tc for the 
spin coated PVDF films in the present case was 118ºC, we annealed our PVDF films at 
110ºC, to avoid any loss in polarization due to high temperatures. The films were 
annealed at 110ºC for 1h inside a controlled oven. Figure 4.7a shows the DSC curve 
comparing 1µm and 6µm cured PVDF films. The plot still shows higher crystallinity 
observed from 1µm thick film compared against the 6µm film. Even though we found 
higher crystallinity from 1µm cured film, this does not imply that annealing of PVDF at 
110ºC is beneficial for the prepared samples. Figure 4.7b shows the DSC curve for a melt 
sample of PVDF showing the loss in polarization (Tc = 118ºC) of PVDF films upon 
recrystallization.  
 
The curie transition peak was found to be replaced with the melting peak for 
TrFE. In order to systematically study the effect of annealing on PVDF, it is important to 
compare the effects on the same sample. The effect of different annealing temperatures 
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on 1µm PVDF thin film was studied using FTIR and the results have been plotted in 
Figure 4.8. 
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Figure 4.7 Weight normalized differential scanning calorimetry (DSC) measurements: 
(a) comparison of a 6µm thick PVDF films versus a 1µm thick PVDF film 
with higher crystallinity obtained from 1µm thick films; and (b) heat flow in 
a melted PVDF film 
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Figure 4.8 FTIR plots lot of 1µm PVDF film annealed at different temperatures 
 
These FTIR plots were normalized with respect to the peak at 1200cm-1. From the 
plots, an increase in the beta phase crystalline structure (absorbance at 1290 cm-1) was 
observed with increase in temperature. Films annealed at 130ºC showed the highest 
crystallinity amongst all the samples. However, such high annealing temperature was 
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above the curie temperature of PVDF and was therefore, not a preferred annealing 
temperature. 
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Figure 4.9 Plots of weight normalized DSC curves for cured and uncured PVDF films 
of different thickness (6µm, 1µm and 100nm) 
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A quick comparison of the different films annealed at 110ºC is shown in Figure 
4.9. From the plots, we notice there is a slight decrease in the area under the curve for the 
1µm thick film after annealing. The other films do not show any difference in the 
cyrstallinity on annealing, however. Combing the information from Figure 4.8 and Figure 
4.9, we can conclude that annealing of films might not substantially increase the 
crystallinity of the film. Annealing, however, does show an increase in the beta phase 
structure of the spin-coated PVDF films. 
 
  
4.4.3 Solvent 
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Figure 4.10 FTIR plots for PVDF films spin coated using different solvents: DMF, MEK 
and THF. The plots are normalized with respect to the 1400cm-1 peak and 
show similar beta phase crystalline structures for different solvents used in 
the fabrication of PVDF films. 
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The rate of evaporation of a solvent can force the formation of a specific 
crystalline phase. We used four different solvents to spin-coat PVDF films: DMF 
(dimethylformide), MEK (methylethyleketone, THF (tetrahydrofuran) and Chloroform. 
8% w/v PVDF solutions were prepared using the above four solvents. Out of the four 
solvents, chloroform was highly volatile to result in a uniform film. The remaining 
solutions were used to spin coat on a copper coated substrate and analyzed using FTIR 
spectroscopy. Figure 4.10 shows there was minimal difference in the beta crystalline 
phase (840cm-1, 1290cm-1) due to the change in the solvent used. The uneven nature of 
the DMF spincoated sample was due to the poor nature of the sample and due to 
introduction of baseline correction in the data. 
 
Even though there was minimal difference in the beta phase of the PVDF films, 
the use of a particular solvent can have a significant impact on the crystalline structure of 
PVDF, as reported previously [refs: solvent effect]. In the present study, we compared the 
crystallinity of drop casted films versus spin coated films obtained using the different 
solvents using cross-polarized microscopy and differential scanning calorimetry (DSC). 
Figure 4.11 shows the photographs obtained for different samples using the various 
solvents. As cross-polarized microscopy generates contrast from the rotation of the 
polarized light passing through the sample, the crystalline domains in the photographs 
turn out to be light-blue highlighted. From Figure 4.11, we observe that all the drop 
casted films show higher crystallinity compared to the spin-coated films. This is because 
of the substantially higher thickness of the drop casted (>100µm) films compared against 
the spin-coated films (1µm). Further, drop cast film of PVDF from MEK and THF show 
a more even distribution off the crystalline domains, compared to DMF. Films made from 
DMF showed crystalline regions near the periphery off the grain boundaries (one such 
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boundary is shown in Figure 4.11). Furthermore, spin coated films from DMF did yield a 
continuous membrane. The crystalline structures were located near the high stress 
regions, however (as visible for spin coat image from DMF in Figure 4.11).  
 
Drop Cast Spin Coat
DMF
MEK
THF
 
Figure 4.11 Comparison of cross-polarized optical microscopy images of PVDF films 
drop casted and spin coated using different solvents. 
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A comparison on the other hand, the spin coated films using MEK and THF result 
in less crystalline, yet well distributed, films compared to the drop casted films. Amongst 
MEK and THF, PVDF films spin coated from MEK resulted in higher crystalline 
domains compared to the films spin coated from THF. This might be due to the higher 
dipole moment of MEK (2.76D) compared to that of THF (1.63D) [SI Chemical Data 
Book (4th ed.), Gordon Aylward and Tristan Findlay, Jacaranda Wiley], even though their 
boiling points are nearly the same. 
 
80 90 100 110 120 130 140 150 160
-0.3
-0.2
-0.1
0.0
0.1
H
ea
t F
lo
w
 (m
W
/m
g)
Temperature (C)
 Normalized DMF-dropcast sample
H
ea
t F
lo
w
 (m
W
/m
g)
 Normalized MEK-dropcast sampleHe
a
t F
lo
w
 (m
W
/m
g)
 Normalized THF-dropcast sample
80 90 100 110 120 130 140 150 160
-0.3
-0.2
-0.1
0.0
0.1
H
e
a
t F
lo
w
 
(m
W
/m
g)
Temperature (C)
 Normalized MEK-dropcast-melted sample
80 90 100 110 120 130 140 150 160
-0.3
-0.2
-0.1
0.0
0.1
H
e
a
t F
lo
w
 
(m
W
/m
g)
Temperature (C)
 Normalized MEK-spincoat sample
H
e
a
t F
lo
w
 
(m
W
/m
g)
 Normalized THF-spincoat sample
80 90 100 110 120 130 140 150 160
-0.3
-0.2
-0.1
0.0
0.1
H
e
a
t F
lo
w
 
(m
W
/m
g)
Temperature (C)
 Normalized MEK-dropcast sample
H
e
a
t F
lo
w
 
(m
W
/m
g)
 Normalized MEK-spincoat sample
 
Figure 4.12 Weight normalized DSC curves for: (a) dropcast samples using different 
solvents, (b) spincoat samples using different solvents, (c) recrystallized 
drop cast sample from MEK, and (d) comparison of dropcast and spin coat 
samples from MEK 
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Differential scanning calorimetry (DSC) provides a detailed analysis in to the 
overall crystallinity of these samples. Figure 4.12a compares the weight normalized DSC 
curves obtained from the dropcast samples using different solvents. From Figure 4.12a, 
we infer that both DMF and MEK result in similar crystalline samples. However, THF 
gives slightly higher crystalline drop cast films. This does not hold true, however, in the 
case of spin coated samples, where both MEK and THF result in similar cyrstallinity 
being observed (Figure 4.12b). In order to confirm the piezoelectricity for drop cast 
samples, we melted the drop cast film fabricated from MEK and performed DSC of the 
recrystallized sample. Figure 4.12c shows the loss in the polarization of the recrystallized 
films. Comparison of spin coated versus dropcast samples shows us a significant increase 
in the crystallinity of a spin coated sample compared to drop casted (Figure 4.12d), 
defined by sharper peak and larger surface area under the curve.  
 
Summarizing the data obtained using FTIR, cross-polarized microscopy and DSC 
for effect of different solvents on the structure of PVDF films, we found that MEK is 
capable of resulting in higher crystalline spin-coated films. Further, due to its ease of use, 
we used MEK in most of our present study.  
 
4.4.4 Poling 
Even though addition of TrFE to PVDF as a co-polymer forces the crystallization 
of PVDF primarily into beta phase, it is not necessary that all the dipoles in the PVDF-
TrFE film will be aligned parallel to each other. Poling is a process that involves 
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exposure of the material to high electrical field gradients along with temperature, to force 
the re-orientation of molecular dipoles (Figure 4.13).  
 
 
Figure 4.13 Schematic showing possible arrangement of dipoles before and after poling 
 
Literature suggests subjecting the material to voltage gradients of as high as 
120MV/m and at temperatures of 60-110ºC for poling the films [refs]. However, if 
extremely high voltage gradients can be achieved (100-800MV/m); flash poling at room 
temperature can also result in dipole reorientation [64, 95].  
 
Figure 4.14 shows the schematic of the custom built poling setup. 3D rapid 
prototyping was employed to fabricate the desired structure. Steel disks (20mm diameter; 
1mm thickness) were connected to external wires and used as electrodes.  
 
71 
 
 
Figure 4.14 Photograph showing (a) poling chamber without steel electrodes, (b) 
complete poling setup 
 
PVDF thin film sample was sandwiched between the steel disks and poled at 3kV, 
90ºC for 0.5h. The whole setup was placed on a hot plate for the heating. After 0.5h, the 
hot plate was switched off, still keeping the high voltage power supply on, till the sample 
cooled down to room temperature. The poled samples were then analyzed using FTIR 
spectroscopy. For comparison, we also analyzed commercial PVDF (20µm) and PVDF-
TrFE (9µm) films using FTIR spectroscopy (Figure 4.15a). Figure 4.15b shows the FTIR 
spectrum obtained from spin coated PVDF (MEK as the solvent) sample (in black) and 
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annealed, but not poled sample (in red). Clearly, the plot shows no enhancement or 
change in the crystalline structure of PVDF. 
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Figure 4.15 (a) FTIR plots for commercially obtained poled films of PVDF (only) and 
PVDF-TrFE (in transmission mode); and (b) Plot comparing FTIR spectrum 
(in transmission mode) of Poled and annealed PVDF films 
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In order to cross verify that there was no change in the permanent polarization  of 
the film due to poling, we also measured the film capacitance using an LCR meter (B&K 
Precision Corp.) Electrodes were deposited on either side of the thin film (see Chapter 5) 
to be able to make electrical connectivity to external probes. The results obtained from 
poling have been summarized in Table 4.1. From the information, there was insignificant 
increase in the capacitance of the films on poling.  
 
Table 4.1 Change in PVDF film capacitance due to poling. All the values were 
averaged and within 1% deviation from the mean 
 Capacitance before poling (pF) Capacitance after poling (pF) 
Device 1 0.54 0.59 
Device 2 1.23 1.31 
Device 3 0.91 0.92 
 
Therefore, impact of poling towards increasing the piezoelectricity in spin-coated 
thin film structures was negligible. This might be due to the fact that we used PVDF-
TrFE in the present case, unlike PVDF as previously reported [76, 77, 98]. Further, spin-
coating of the solution might result in the desired state of highest crystallinity possible 
from the thin films. It is also possible to bring about poling in the devices while 
performing electrical hysteresis experiments at voltages close to the electrical breakdown 
of the PVDF films. Further, electrical hysteresis also provides for an alternative method 
to measure the film crystallinity.  
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For electrical hysteresis, similar thin film (1µm) coated with electrodes on either 
side was used in the testing setup (Chapter 3) and the voltage across the electrode was 
swept between -200V to +200V. The charge generated (polarization) for different voltage 
sweep cycles are plotted in Figure 4.16.  
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Figure 4.16 Plot showing three different electrical hysteresis experiments (loops) 
performed on 1µm PVDF film with peak voltages of 50V, 100V and 200V. 
Electrical breakdown of the PVDF films was observed at voltages higher 
than 200V 
 
From the electrical hysteresis plots, we can easily determine the total remanent 
polarization of the PVDF film through the value of the y-intercept when the voltage 
across the film is zero. In the present case, the value of y-intercept and therefore of the 
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remanent polarization, Pr = 30 mC/m2. Since the net polarization if the film were 100% 
beta crystalline film would be 165mC/m2, [ref] the total crystallinity of spin-coated 
PVDF films can be calculated using: 
 
Ʃ = k.Pr 
 
Where, Ʃ = crystallinity and k = proportionality constant 
 
Using the above, we find out the spin-coated films were 24% crystalline. Further, we 
showed above that the spin-coated, annealed films were showed predominantly beta 
phase structure only. Therefore, the spin coated films were showed ~25% beta phase 
crystalline domains, which is comparable to the 30% crystallinity observed from 
commercial films [115]. 
 
4.5 ELECTROSPINNING OF PVDF-TRFE NANOFIBERS  
Electrospinning is the most popular way to produce ultrathin polymeric 
nanofibers. Electrospun fibers and their corresponding mats also have their own unique 
properties, such as average fiber diameters in the submicrometer range, high porosities, 
large surface areas, fully interconnected pore structures, tunable surface chemistry and 
sufficient mechanical strengths. These outstanding properties make electrospun fibers 
attractive for a wide range of applications, including dressing for wounds, tissue 
engineering, filteration, textiles, sensor and electronics applications [71, 116-118]. 
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Electrospinning is a process through which nanofibers are produced under the 
influence of an electric field. The process involves subjecting a polymer solution held at 
the needle tip by its surface tension, to an electric field. The high electric fields involved 
in electrospinning results in substantial charge accumulation to be able to overcome the 
surface tension. As the intensity of the electric field increases, the solution at the tip of 
the needle elongates to result in to a conical shape known as the Taylor cone [119-122]. 
When the electric field reaches a critical value at which the repulsive electric force 
overcomes the surface tension force, resulting in a jet of solution that gets deposited on 
the ground collector plate.  
 
In the electrospinning of polymer solutions, a number of parameters are known to 
affect the physical properties of the fibers, including the fiber shape, diameter, surface 
morphology, and porosity [71]. 
 
There have been few previous studies on the electrospinning of PVDF into 
nanofibers [71, 114, 123]. The high electric fields involved in electrospinning result in 
simultaneous pulling and poling of the fibers, resulting in fibers with dipole moments 
oriented along the length of the fibers. Further, it has been previously shown that the 
higher strain gradients and higher electromechanical coupling coefficients associated 
with nanofibers can result in significantly higher signal output compared to PVDF thin 
films [71]. Wang et. al. [124] fabricated a hybrid nanogenerator where they electrospun 
PVDF nanofibers between two collector plates to generated aligned nanofibers for 
sensing. Taking it a step further, Lin et al [71, 94] showed highly controlled patterning of 
PVDF nanofibers using near-field electro spinning for energy generation application. 
However, there have been no studies on the use of high-density highly aligned nanofibers 
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for sensing application. In order to create highly sensitive and robust pressure sensors, we 
fabricated highly aligned nanofibers in the present study. 
 
4.5.1 Setup 
 
Figure 4.17 Photograph showing a conventional electrospinning setup: (a) front-view, 
and (b) side-view 
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Electrospinning setup typically consists of a solution-filled syringe on a syringe 
pump whose needle is connected to external high voltage (Figure 4.17). Across the tip of 
the needle, a collector plate or electrode is placed at a certain distance, which is 
connected to the ground of the external high voltage supply. Figure 4.17 shows the actual 
setup used for electrospinning of fibers in the present study with a copper plate (ground 
collector) placed 7cms away from the needle tip inside an acrylic box. The acrylic box is 
used to prevent electrostatic charging of the surroundings.  
 
4.5.2 Parameter optimization  
There are multiple variables in an electrospinning setup that need to be optimized 
in order to fabricate uniform fibers. Some of these include:  
 
4.5.2.1 Concentration of PVDF 
The concentration of the polymer is directly proportional to the viscosity of the 
solution. Viscosity of the polymer solutions is important in determining the solution flow 
rate and adjusting the surface tension of the solution for electropinning. From Figure 
4.18, we notice that the polymer concentration has a significant impact on the 
morphology and the diameter of the fibers obtained. Using 12% (w/v) of PVDF solution 
yields in beaded fibers. As we decrease the concentration of PVDF, the bead count was 
found to increase. Using 14%-18% (w/v) of PVDF solution showed to electrospin the 
desirable diameter and morphology of the fibers.  
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Figure 4.18 SEM images of electrospun fibers for different PVDF concentrations in 
MEK, alongwith their average diameters: (a) 8%: 500 nm, (b) 12%: 450 nm, 
(c) 14%: 1.07 µm, (d) 16%: 1.6 µm, (e) 18%: 1.9 µm (f) 20% (w/v): 2.0 µm 
 
4.5.2.2 Choice of solvent 
The nature of the solvent used can have a significant impact on the fibers that are 
electrospun. Solvent not only acts as a carrier for the polymer molecules to the needle tip, 
but is also responsible for the polymerization into fibers from the jet stream. Therefore, 
the solvent needs to be volatile enough for successful fabrication of fibers. Lack of 
solvent evaporation, before the jet stream hits the collector plate, can result in formation 
of nanoribbons or flatter fibers. Conventionally, use of MEK, THF, DMF, chloroform 
and DMAc has been preferred as electrospinning solvents [71, 72]. In the present study, 
we have used MEK and DMF as the solvents for our electrospinning purposes. MEK, 
being highly volatile in nature, is a good solvent of choice for short-distance 
electrospinning. Whereas, the low volatility of DMF can be compensated with higher 
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electrode-collector separation, allowing for DMF in the jet stream to evaporate before 
fiber formation.  
 
4.5.2.3 Solution flow rate 
The solution flow rate, coupled along with the fiber formation velocity, 
determines the amount of solution that accumulates in the Taylor’s cone. Higher flow 
rates could lead to substantial accumulation, followed by solvent evaporation and 
eventually blocking of the needle outlet. Low flow rates, on the other hand, can lead to 
discontinuities in the electrospinning process, which can be a serious concern for core-
shell fibers (introduced later in this chapter). Further, low flow rates can result in 
extremely thin nanofibers [125].  
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Figure 4.19 Plot showing the variation of electrospun fiber diameter as a function of 
flow rate for 12% PVDF/MEK solution 
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Figure 4.20 Plot showing the variation of the fiber diameter as a function of the needle 
diameter (gauge) for 0.3ml/h flow rate on the syringe pump 
The flow rate is easily controlled from the syringe pump. Figure 4.19 shows the 
fiber diameter decreased with an increase in the solution flow rate. However, the 
variation in fiber diameters were found to be insignificant. This leads us to conclude that 
there was negligible variation in the fiber diameter due to any change in the flow rate. 
 
The diameter of the needle used for electrospinning can also affect the solution 
flow rate and therefore alter the fiber morphology or diameter. But we did not observe 
any significant difference in fiber diameter due to variation in needle gauge as well 
(Figure 4.20).  
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4.5.3 Ground collectors for highly aligned nanofibers 
Conventionally, people have used a metallic plate or sheet connected to ground, 
as the collector plate. Grounded plates are convenient collectors for electrospinning of 
non-woven fiber mats. However, in order to deposit highly aligned nanofibers, the 
ground collector geometry needs to be altered. Change in ground geometry helps re-
orient the fiber patterning with the help of altered electric field. 
  
 
 
Figure 4.21 Schematics of ground collectors for electrospinning of highly aligned 
nanofibers: (a) knife blades, (b) parallel wires, (c) pointed needle; and (d) 
SEM images of patterned nanofibers. Sources: [126, 127] 
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In order to pattern highly aligned nanofibers, people have used rotating drum 
assembly, knife blades, near field, needle tip as ground collectors previously. Figure 4.21 
shows some of the ground collectors that have been reported previously.  
 
Albeit these setup did yield in aligned nanofibers, it was difficult to fabricate high 
density of highly aligned nanofiber mats. In the present study, we describe the setup of 
mesh electrodes and rotation drum assembly collector electrodes to achieve high density 
highly aligned nanofiber mats and also study the factors that affect the fabrication of such 
fiber mats. 
 
4.5.4 Mesh electrodes 
Mesh type electrodes are an extension of the parallel type electrodes used 
previously for fabrication of electrospun nanofibers (Figure 4.21b). Figure 4.22 shows a 
photograph of the mesh type electrode used in the present study. The mesh used in the 
present case was a stainless steel 316 mesh (1x1cm2, 2mm diameter wire, McMaster 
Carr), fixed on to a polypropylene substrate. Ground wire was connected to the mesh 
electrode by soldering the terminal directly. For test samples of the electrospun fiber mat, 
kapton (polyimide, McMaster Carr) film was placed on top the mesh electrodes and 
detached upon completion of the elctrospinning process. 
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Figure 4.22 Photograph of a stainless steel based mesh ground collector for 
electrospinning of aligned nanofibers 
 
4.5.5 Rotating drum electrodes 
Most of the studies on aligned nanofibers have reported the use of a rotating drum 
so far [73, 122, 128]. Conventionally, the entire rotating drum would be grounded and the 
nanofibers would be deposited on the drum in an aligned fashion because of the high 
rotating speeds of the drum. In the present study, we initially started with such a rotating 
drum setup by grounding the entire rotating drum. However, lack of capability to 
fabricate high density of aligned nanofibers led up to optimize the rotating drum 
geometry.  
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Figure 4.23 (a) Schematic of the Rotating drum setup with parallel ground copper wires, 
and (b) photograph of the actual rotating drum setup  
 
The present version of the rotating drum setup is shown in Figure 4.23. The drum 
itself is constructed out of an ABS-like plastic, using a laser sintering machine (Dr. 
Brijesh Gill, UT Houston). The diameter of the rotating drum is 1.2” (30.5mm) and the 
length of the drum was 3.5” (89mm). Grounded copper wires (3mm diameter) were 
connected to the ground wire, which was passed through the hollow shaft and connected 
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to external ground near the rotating motor holder. The entire assembly, comprising of 
motor holder and the rotating drum holder, was also fabricated using the same laser 
sintering machine. The DC motor powering the rotating drum was controlled through and 
external power supply and the rotational speeds could be controlled in the range of 0-
4000rpm. Typically, a kapton film was rolled over the rotating drum assembly for the 
patterning of aligned nanofibers. 
 
4.5.5.2 Highly aligned Nanofibers 
 
 
Figure 4.24 SEM images of aligned nanofibers electrospun using mesh electrodes 
 
Figure 4.24 shows the aligned nanofibers patterned using mesh type electrodes. 
From the SEM images, we observe that even though there was a general orientation of 
the fibers, there a lot of fibers that were not aligned. The fibers were electrospun from at 
14% (w/v) PVDF solution in MEK, with flow rate of 0.5ml/h and 1kV/cm (8cms 
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spacing) voltage gradient. The total duration of the electrospinning was 20mins. The 
average fiber diameters were found to be 1.45 ± 0.18µm. 
 
 
 
Figure 4.25 (a) Photograph showing the rotating drum assembly with DC motor coupled 
to the shaft of the drum; (b) Photograph and SEM images showing the 
various parts of the depostied fibers from rotating drum setup and nature of 
aligment in these fibers 
When similar experiments were done using a rotating drum assembly, better 
alignment of the fibers was obtained. Figure 4.25 shows the rotating drum setup in the 
Above Copper Wires
27G, 14%PVDF/MEK,
0.3ml/hr, 7cms, 7kV
Cu wires || drum axis
Time > 15mins
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holder along with the images of the nanofibers fabricated. The electrospinning conditions 
for patterning highly aligned nanofibers is also described in Figure 4.25. 
 
 
 
Figure 4.26 SEM image of a high-density highly aligned fiber sample fabricated using 
the rotating drum setup for 45mins. 
 
It was generally found that the highly aligned nanofibers stretch in the area 
between the two ground copper wires. While, when the portion of the substrate directly 
above the copper wires was found to have random orientation of nanofibers (Figure 
4.25b). Similar effect has also been reported before [117]. The average fiber diameter 
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fabricated was found to 737 ± 75nm for this experiment, which was carried out for 
20mins only.  
 
In another experiment, which was carried on for a longer period of time (45mins), 
we found that the present rotating drum setup is capable of patterning high-density of 
highly aligned nanofibers. Figure 4.26 shows a SEM image of the sample. 
 
The average fiber diameter in this case was found to be 963 ± 86nm in diameter. 
In general, we found the rotating drum assembly works better compared to the mesh type 
electrodes for patterning of high-density highly aligned nanofibers.  
 
For a better comparison methodology, we quantified the fiber alignment based on 
the protocol described in [129]. Since the described protocol was for quantification of 
fiber alignment from optical microscopy images, we altered the protocol to account for 
the differences in the illumination in SEM images. The modified protocol is shown in 
Figure 4.27. In order to process the images using this protocol, we used ImageJ (NIH) 
along with the Oval profile intensity plugin. In the present study, we did not rotate the 
FFT (fast fourier transform) image by 90º to account for the shift in angle. The oval 
profile plugin allows us to plot the total sum of the gray pixel intensities along the blue 
line (Figure 4.27) for a sweeping angle of 0-360º. 
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Figure 4.27 Schematic showing the flowchart for quantification of fiber alignment 
alongside the output obtained for individual step for a SEM image 
 
Using the above technique, we studied the effect of fiber alignment due to 
variation in rotating drum speeds. Figure 4.28 shows the SEM images obtained from 
different parts of the rotating drum for varying speeds of the drum. All the 
electrospinning experiments were carried out for 20mins using 14% (w/v) PVDF solution 
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in MEK. From Figure 4.28, we find that as the rotating drum speed is increased, the 
density of fibers that are aligned increases correspondingly. Whereas the density of the 
fibers deposited directly above the ground copper wires (random oriented fibers) 
decreases for increasing rotating drum speeds. Each SEM figure was processed as per the 
method described in Figure 4.27 and the corresponding 2D FFT images obtained for each 
SEM image has been presented in Figure 4.28.  
 
 
Figure 4.28 SEM images alongside the corresponding 2D FFT figures for different 
speeds of the rotating drum: (a) 3.3rpm (717 ± 44nm), (b) 245rpm (608 ± 
90nm), (c) 487rpm (586 ±65nm), (d) 3500rpm (737 ± 75nm). Figures 
corresponding to ‘i’ refer to the aligned fibers portion of the substrate, 
whereas the ‘ii’ refers to the random oriented fibers portion of the substrate 
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Figure 4.29 Plots of oval profile intensity for (a) aligned and random portion of fibers at 
3500rpm, (b) aligned (solid) and random (dash) portion of fibers at different 
speeds of rotating drum 
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Results of using oval intensity plot on the 2D FFT images have been summarized 
in Figure 4.29. Figure 4.29 compares the FFT value (grey pixel intensity summation) as a 
function of the angle sweep. All the curves were normalized as per the lowest FFT value 
in the intensity plot. The individual plots were shifted for ease of comparison.  
 
From Figure 4.29a, we notice that aligned fiber intensity plots has two peaks in a 
0-360º intensity plot. Presence of two peaks, separated by an angle of 180º indicates 
aligned fibers, represented by the periodicity in the 2D FFT plots. 
 
On the other hand, randomly oriented nanofibers are expected to show four peaks 
over the same range of 0-360º intensity plot [129]. From Figure Figure 4.29a, we clearly 
see this trend. Further, the presence of two dominant peaks is a good indication of 
presence of aligned nanofibers obtained from high rotating drum speeds. Furthermore, it 
was found that the amplitude of the intensities of randomly oriented nanofibers was much 
lower compared to those of aligned nanofibers. This difference in the amplitude could be 
easily used as key parameter to distinguish between aligned and randomly oriented 
nanofibers. On similar lines, Figure 4.29b shows that as the rotating drum speed is 
increased, the fibers tend to align better, indicated by the diminishing amplitude of the 
peaks and emerging prominence of two peaks at higher rotation speeds. However, the 
randomly oriented nanofibers (dash curves in Figure 4.29b) do not show appreciable 
change in fiber alignment.  
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Figure 4.30 Figure showing the SEM images, fiber diameter distribution, FFT value of 
fiber alignment and the average fiber diameters for three different highly 
aligned electrospun fiber samples 
 
In order to find out the variability between different samples of highly aligned 
electropsun fibers, three different electrospinning samples were analyzed for fiber 
alignment and diameter distribution. All the variables, including electrospinning time, 
voltage gradient, drum rotation speed, were maintained constant. Figure 4.30 summarizes 
the fiber distribution over the three different samples fabricated. We observe similar fiber 
diameters and fiber count distribution for two of the three different samples electrospun. 
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The third sample also showed good alignment of the fibers and a sharper distribution of 
fiber diameters (average fiber diameter of 1.253 ± 0.157µm) compared to the other two 
samples. From the present study, we conclude that similar patterning of fibers is possible 
over large number of samples by keeping the electropsinning variables constant. 
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Figure 4.31 FTIR plot of randomly oriented nanofibers on a copper coated substrate. 
Arrows indicate peaks corresponding to beta crystalline phase 
 
In order to study the effect of electrospinning on the structure of PVDF fibers, we 
studied the fibers using FTIR and DSC. Figure 4.31 shows the FTIR spectrum obtained 
from electrospun fibers on a 4” silicon wafer coated with copper. The FTIR spectrum was 
obtained for eight different spots on the wafer in grazing angle incidence mode and then 
averaged to obtain the curve shown in Figure 4.31. A quick comparison of the FTIR 
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spectrum of electrospun fibers with Figure 4.8 curves indicates the presence of high beta 
crystal phase in nanofibers. Further, from the peak intensities obtained, it was found the 
fibers deposited at the center of the substrate were richer in beta phase content, compared 
to fibers deposited towards the edges of the substrate.   
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Figure 4.32 Weight normalized DSC curves for: (a) aligned nanofibers patterned on 
Kapton substrate and fluoropolymer substrate, and (b) random patterned 
nanofibers and highly aligned nanofibers 
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Figure 4.32 shows the DSC curves obtained for nanofiber samples. Highly 
aligned nanofibers (14% w/v PVDF/MEK) were patterned on fluoropolymer substrate 
(ACLAR, Electron microscopy sciences) as detachment of fibers was much more easier 
compared to fibers electrospun on kapton film. However, both the substrates gave similar 
results for cyrstallinity of the fibers. From Figure 4.32b, we infer that the aligned 
nanofibers show slightly higher cyrstallinity compared to randomly oriented nanofibers. 
However, the increase in crystallinity was insignificant. 
 
In summary, we found developed high speed rotating drum for patterning high-
density highly aligned nanofibers. Further, we quantified the alignment of the fibers using 
2D FFT plots of the SEM images and observed that higher rotation speeds allow us to 
pattern highly aligned nanofibers. We also demonstrated the ability to fabricate highly 
aligned nanofibers with cyrstallinity similar to those of thin films. Even though the 
crystallinity of the nanofibers might be similar, nanofibers can be expected to 
significantly boost the device sensitivity by virtue of higher flexibility and lower material 
consumption. 
 
4.5.5.3 Core-shell nanofibers 
In the present study, we fabricated core-shell nanofibers with the purpose of 
making pressure sensors. Therefore, as described earlier, it was important to fabricate a 
conductive core, which could act as one of the electrode. Further, in order to electrospin 
core-shell nanofibers, the solution dispensing mechanism had to be altered slightly, such 
that it allowed concomitant flow to two solutions with the shell solution encapsulating the 
98 
 
core solution.  Figure 4.33 shows the schematic of the modified setup and a photograph 
of the actual setup.  
 
 
 
Figure 4.33  (a) Schematic of the Core-shell electrospinning setup along with the 
rotating drum (front view) and (b) photograph of the actual setup  
 
For core-shell electrospinning, we optimized the needle-in-needle design such that 
the inner needle is perfectly aligned, concentric to the outer needle. Further, the whole 
two-needle assembly needs to be air-tight, in order to avoid and leakages and 
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solidification of the solution due to solvent evaporation. It was found that keeping the tip 
of the inner needle slightly protruding from the tip of the outer needle helps in the 
electrospinning of core-shell structures. Since the two solutions used for core-shell 
electrospinning are composed of different materials having different viscosities, different 
syringe pumps were used to balance the flow rates of the two solutions.  
 
Initially to avoid the mixing of the two solutions, we used a water soluble 
polymer, PEO (polyethylene oxide), as the core material and PVDF in MEK as the shell 
material (Table 4.5). However, very few core-shell fibers were observed along with 
difficulties electrospinning of water based solvent, due to low volatility and electrostatic 
repulsion.  
 
For ease of electrospinning, we shifted the core-solution from water based to 
organic solvent based. However, in order to successfully fabricate pressure sensors from 
core-shell nanofibers, it is necessary to have a conductive core that is capable of 
transferring the charge generated from PVDF-TrFE to the terminal conducting electrode. 
Based on previous literature suggesting the use of gold nanoparticles for fabrication of 
conductive nanofibers [130], we initially employed the use of silver nanoparticles (20-
40nm, Alfa Aesar) mixed with PMMA (poly(methyl methacrylate), 15% w/v) in DMF as 
the solvent. The electrospinning conditions and results have been summarized in Table 
4.5 for the various polymers and compositions used.  
 
In order to measure the resistance of the core-material that was used to fabricate 
core-shell structure, we employed the testing setup as shown in Figure 4.34. Two silver 
wires (1.5mm diameter, alfa aesar) were wrapped around a glass slide, separated by a gap 
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of 1cm. This glass slide was pressed against the testing sample on another glass slide. 
The two silver wires were then connected to an external digital multimeter to measure the 
sample resistance. 
 
 
Figure 4.34 (a) Schematic of the resistance testing setup, and (b) photograph of the 
actual setup 
 
Table 4.2 Summary of the resistance values of the different materials used as 
conductive core material for core-shell electrospinning 
Solution Sample Resistance (k ohms)  
10% Ag NPs + 15% PMMA/DMF > 103 
10% Ag NPs + 15% PMMA/Chloroform > 10
3
 
14% PVDF-TrFE/2mg Graphene/DMF > 10
3
 
PANI/CSA/m- Cresol/ PMMA/ chloroform/ unfiltered 100 
1.4% PANI/m-Cresol /PMMA/filtered 71 
1.4% PANI/m-Cresol/PMMA/un-filtered 10 
PANI/Sulfonic Acid + 5% PMMA 2.4 
10% PANI + 15% PMMA/Chloroform .49 
PANI/CSA/m-Cresol/Chloroform/filtered 156 
PANI/CSA/m-Cresol/PMMA/chloroform/filtered 220 
PANI/ Sulfonic Acid/15% PMMA/ Chloroform .7 
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Using the described testing setup, we measured the resistance of different 
materials. The resistance values along with the actual polymer tested have been 
summarized in Table 4.2. For the silver nanoparticles (Ag NPs), the resistance of the 
fibers was found to be very high, beyond the measurable limits of the digital multimeter. 
When EDS (energy dispersive x-ray spectroscopy) was done for these fibers, it was found 
that silver nanoparticles aggregated (Figure 4.35).  
 
 
 
Figure 4.35 EDS images of PMMA loaded silver nanoparticles. The images show the 
aggregating of silver nanoparticles in fibers as the reason for high resistance 
of the fibers 
Ultrasonication of silver nanoparticles for long hours also did not seem to create 
uniform suspension of silver nanoparticles. Further, addition of metallic nanoparticles in 
other studies as well did not reveal very high conductivities [130].  
 
In place of metallic nanoparticles as additives conductive polymers offer a better 
alternative. Some of the common conducting polymers include PANI (polyaniline), 
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)). PANI, by itself, 
is not very conductive and grainy, which can easily clog the electrospinning needle. 
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Filtered PANI, however, is not as conductive even when doped with CSA (10-
camphorsulfonic acid) or prepared in m-cresol as the primary solvent Table 4.2.  
 
However, the resistance of the material is also a function of the thickness. 
Therefore, in place of measuring the resistance, measurement of resistivity or 
conductivity is a better parameter for comparison. Table 4.3 summarizes the measure 
conductivity of the used conducting polymer compositions in the present thickness, using 
the same testing setup described in Figure 4.34.  
 
Table 4.3 Summary of conductivity of some of the conductive polymers used in the 
present study 
Material Conductivity (S/cm) 
1.4% PANI/CSA/m-cresol (unfiltered) + 15% 
PMMA/Chloroform 0.0606 
1.4% PANI/CSA/m-cresol (filtered) + 15% PMMA/Chloroform 2.963 
1.4% PANI/CSA/m-cresol (unfiltered) 851 
2.6% PEDOT:PSS in water 684 
2.6% PEDOT/water/PVP (dropcast) 60 
 
 
From the table, we found that PEDOT:PSS in water gives similar conductivity, 
comparable to PANI doped with CSA in m-cresol solution (unfiltered). Further, PEDOT 
solution was not grainy like PANI, making it suitable for electrospinning. Table 4.5 
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summarizes the samples fabricated using PEDOT solution and the various 
electrospinning conditions used for the same.  
 
For imaging of the core-shell fibers fabricated, we employed TEM imaging. 
However, TEM could not be relied for all prepared samples as some of the samples were 
thicker than 500nm. For fibers thicker than 1µm in diameter, confocal imaging of 
selectively dyed materials can help image core-shell fibers. Table 4.4 summarizes the 
characteristics of fluorescent dyes used in the present study. 
 
Table 4.4 Excitation and emission wavelengths of the dyes used in the present study 
Dye name Excitation wavelength (nm) Emission wavelength (nm) 
Fluorescein 494 521 
Rhodamine B 554 627 
Rhodamine 110 498 520 
1-Pyrenebutyric Acid 341 376 
Fluram 390 475 
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Table 4.5 Electrospinning conditions and materials used for fabrication of Core-Shell electrospun fibers (CSEF) listed out 
in chronological sequence  
 
Core Shell 
Electrospinning 
conditions and 
comments 
Images Core-shell? 
PEO (1%) 
/Chloroform 
(0.3ml/h) 
PVDF (14%) / 
MEK 
(0.15ml/h) 
Horizontal setup 
on copper plate 
 
Very few 
PVDF (14%) 
+ Fluorescein 
(1%) / MEK 
(0.8ml/h) 
PVDF (20%) / 
MEK 
(0.5ml/h) 
Horizontal setup 
on copper plate 
 
Few 
PVDF (20%) 
+ Ag NPs 
(1%) / MEK 
(0.2ml/h) 
PVDF (30%) / 
MEK 
(0.4ml/h) 
Horizontal setup 
on copper plate 
 
Yes 
 PMMA 
(13%) + 
Fluorescein 
(1%) / MEK 
(0.2ml/h)
PMMA 
(13%) + 
Fluorescein 
(1%) / 
Chloroform
PMMA 
(13%) + 
Fluorescein 
(1%) / 
Chloroform
 
PVDF (20%) / 
MEK 
(0.4ml/h)
 
PVDF (25%) / 
MEK 
(0.8ml/h)
 
PVDF (20%) 
+ Rhodamine 
B (1%)  / 
DMF
 
Horizontal setup 
on copper plate, 
7cms/9kV
Fibers fused 
together
 
Horizontal setup 
on copper 
16cms, 25kV,
Long distance ES
 
Horizontal setup 
on copper plate 
16cms, 15kV
Mesh electrodes
 
 
plate 
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Few
 
Few
Yes 
 
 
 PMMA 
(13%) + 
Fluorescein 
(0.5%) / 
Chloroform 
(0.55ml/h)
PVP (2.63g) + 
PEDOT 
(1.25g) / DMF 
(0.2ml/h)
PVP (0.2g) + 
PEDOT 
(1.6g)/ DMF 
(1ml/hr) 
PVP (0.2g) + 
PEDOT 
(1.6g) + 
Rhodamine B 
(0.1%) / DMF 
(1ml/h) 
 
PVDF (18%) 
+ Rhodamine 
(<0.1%) / 
DMF 
(0.8ml/h)
 
PVDF (14%) / 
MEK / 1ml/h
PVDF (14%) 
+ Rhodamine 
(0.1%) / DMF
MEK (25:75) 
(1.5ml/h)
PVDF (14%) 
+ 1-pyrene
butyric acid 
(0.2%) / DMF
MEK (25:75) 
(3ml/h)
 
Horizontal setup 
on copper plate 
16cms, 16kV, 
reduced dye conc 
= good TEM 
contrast
 
Vertical setup on 
mesh electrodes, 
7cms, 7kV,
Great TEM 
contrast due to 
solvents
-
 
Vertical setup on 
mesh electrodes, 
14cms, 15kV
 
-
 
Vertical setup on 
mesh electrodes, 
12cms, 15kV,
Uniform electric 
field
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Undetermined
 
High 
percentage, 
easily imaged
Yes 
Yes 
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From the spectra information, coupling an UV dye along with red dye would 
work best for imaging of core-shell materials. As Table 4.5 shows from the images 
obtained for different fluorescence dyes and different electrospinning conditions. 
Switching from the horizontal electrospinning to vertical setup aided in the ease of 
electrospinning and formation of a good Taylor’s cone with the help of gravity. 
Increasing the electrospinning distance also helped in formation of thinner, complete 
fibers. Electrospinning at shorter distance (<10cms) did not allow all the solvent to 
evaporate and resulted in formation of flatter fibers. However, the Taylor’s cone would 
solidify quickly, leading to discontinuous electrospinning of CSEF. Therefore, the shell 
solvent was changed from purely MEK based to a mixture of MEK and DMF (75:25 
ratio). Addition of DMF to the solvent mixture increased the effective boiling point and 
allowed more time for the PVDF to remain in dissolved state. These series of 
optimizations enabled fabrication of core-shell fibers with good consistency and 
controlled patterning.  
 
The best dye combination was observed with fluorescein and 1-pyrenebutyric acid 
or fluorescein and fluram. Fluram, being an expensive dye, fluorescein and 1-
pyrenebutyric acid was used as an alternative for electrospinning or imaging of core-shell 
fibers. Figure 4.36 shows confocal laser fluorescence microscopy images of core-shell 
fibers electrospun directly on to a rotating drum assembly for patterning highly aligned 
core-shell fibers. From the images, we observe good percentage of core-shell fibers 
present, shown by simultaneous fluorescence of fluram and rhodamine B. 
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Figure 4.36 Confocal laser fluorescence microscopy images of core-shell electrospun 
fibers using Rhodamine B for the core (PEDOT) and Fluram for the shell 
(PVDF) 
Presence of core-shell fibers was cross verified using transmission electron 
microscopy. Figure 4.37 shows the TEM images of all the core-shell fibers electrospun 
directly on the rotating drum setup. TEM imaging was highly suitable for imaging of 
core-shell fibers of couple hundred nanometers thickness. The darker core is visible in 
most of the fibers. The contrast between the core and shell gets lowered by the presence 
of fluorescent dye in the shell.  
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Figure 4.37 TEM images of fabricated core-shell electrospun fibers  
1600 1400 1200 1000 800 600 400
 CSEF: PVDF/PEDOT/PVP
Ab
so
rb
a
n
ce
 
(a.
u
.
)
 PEDOT/PVP
Wavenumber (cm-1)
 PEDOT
 
Figure 4.38 Plot comparing FTIR spectrum obtained from core-shell electrospun fibers 
against the spectrum of spin-coated PEDOT-PVP mixture and PEDOT film 
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We also attempted to detect any variation in the FTIR spectrum due to presence of 
PEDOT and PVP in the core fiber. Figure 4.38 shows a comparison of FTIR spectrum 
from core-shell electrospun fibers against spin coated films of PEDOT and PEDOT-PVP 
solutions. From the spectrum, we do not notice any effect of presence of PEDOT from 
the FTIR spectrum of CSEF fibers.  
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Figure 4.39 FTIR spectrum plots of core-shell electrospun fibers compared against 
randomly oriented PVDF nanofibers and a layer of PVDF spin coated on top 
of PEDOT-PVP layer 
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Similar spectrum was observed from Figure 4.39 of core-shell electrospun fibers. 
While a PVDF spin coated layer on top of a PEDOT layer shows presence of PEDOT 
(Figure 4.39), core-shell fiber spectrum was similar to electropsun PVDF fiber mat 
(indicated by arrows pointing to beta phase wavenumbers). FTIR spectrum of core-shell 
electrospun fiber mat at various incident points yielded the same spectrum, indicating that 
the PEDOT core fiber was very thin for sufficient absorption of signal. This was also a 
good indicator of presence of core-shell fibers, in place of formation of co-spun fibers or 
splitting of Taylor’s cone leading to electrospinning of just PEDOT fibers on the surface. 
 
4.6 SUMMARY 
In the present study, we demonstrated that curing of PVDF films increase the beta 
crystalline phase considerably, using techniques like Raman and Fourier transform 
infrared spectroscopy. We also showed that the 1µm thick PVDF film based devices 
demonstrate higher crystallinity compared to the 6µm thick films [91]. These results were 
further supported by techniques like differential scanning calorimetry (DSC) in the 
present study. Thinner films show inherently higher crystallinity due to higher stretching 
during the spin-coating process, without the need for additional electrical poling. Further, 
electrical poling of the thin films did not contribute substantially towards increasing the 
film crystallinity. Using techniques like electrical hysteresis, we determined that the 
crystallinity of our fabricated PVDF films were comparable to the commercially 
fabricated films. 
 
Towards the fabrication of nanofibers for fabricating more sensitive devices, we 
assembled the electrospinning setup and optimized all the parameter for fabrication of 
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nanofibers from PVDF. We used custom fabricated current collectors for patterning high-
density highly aligned nanofibers. We also characterized the alignment of the fibers using 
2D FFT of the aligned nanofibers SEM images. It was found that higher rotational speeds 
of the rotating drum led to better alignment of the fibers.  
 
The assembled electrospinning setup was slightly modified for electrospinning of 
core-shell fibers. We optimized the core material for highest conductivity from an 
electrospinnable solution. PEDOT based solution was found to be the ideal conducting 
polymer for the core material. Flurorescein and 1-pyrenebutyric acid were used as the 
dyes for confocal fluorescence imaging of core-shell fibers. The ease of fabrication of 
aligned nanofibers and aligned core-shell electrospun fibers allows for development of 
highly sensitive pressure sensing applications in biomedical field. 
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Chapter 5: PVDF structure and sensor fabrication 
 
5.1 INTRODUCTION 
In the present chapter, we describe the various techniques to assemble devices 
from the various PVDF structures that were presented in Chapter 4. We describe the 
fabrication process of thin-film based pressure sensors on silicon wafer as the substrate 
and later to fabricate the flexible devices. We also present the various shapes and designs 
of the thin film based sensors that were fabricated and tested in the present study. 
 
We describe the different designs for nanofiber based PVDF sensors. We also 
compare and contrast the advantages of using core-shell electropsun fibers versus the 
regular nanofiber based devices though the use of simulation studies. The simulation 
studies leverage the device design described in the present chapter to predict the signal 
output that can be achieved by switching from aligned nanofiber based devices to core-
shell electrospun based devices. 
 
5.2 THIN FILM SENSOR DESIGNS 
Figure 5.1 summarizes the fabrication process for silicon based devices using SU8 
to protect the patterned PVDF films from getting damaged. Starting with a silicon wafer, 
photoresist (AZ5209) was patterned to define the bottom Al electrode (2000 Å thick) 
using the lift-off process. The PVDF-TrFE was spin coated on the Al-patterned wafer. 
We used 8 % and 15 % weight/volume PVDF-TrFE copolymer with 1000 rpm for 30 sec 
to get 1µm and 6µm thickness films, respectively. As a Reactive Ion Etch (RIE) mask to 
 etch the thin
film. Then the SU
performed under 100 sccm 
pressure. The thin film
thick) was 
 
Figure 5.1
technique. Devices as small as 2.5mm to 10mm (one dimension of
fabricated. Further, devices were patterned with multiple top electrodes and multiple 
PVDF sensing membranes. However, testing of these devices proved to be difficult due 
to the incomplete removal of SU8 from top and the harsh chemicals us
 metal
patterned
 
  Fabrication process
 
Figure 5.2
 film, we replaced
-8 mask was removed by remover PG (Clairant, Inc). 
oxygen gas environment with 200 W RF power and 5 mT 
 etch rate was 150 nm/min. Finally, top Cu electrode (2000 
 by wet etch and 
 shows the various devices that were fabricated using the above 
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the 
 using a SU
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process. In order to circumvent this, we re-designed the same process to avoid using SU8. 
In place of SU8, AZ photoresist itself was used as the mask to pattern the features. 
 
Figure 5.2 Photograph of the actual PVDF thin-film based sensors fabricated (top) and 
the fabricated MIM structured pressure sensors of single and quadruple 
membrane devices (bottom) 
 
Figure 5.3 summarizes the revised process. Using this process, two different 
designs of electrodes on PVDF were fabricated: (1) Parallel type: electrodes on the same 
side, where the electrode can be further patterned into dual and quadruple shape; and (2) 
Sandwich type: PVDF thin film sandwiched between the electrodes. The different device 
designs have been illustrated through Figure 5.4 and Figure 5.5. For the fabrication of 
these devices, starting with a silica coated wafer, photoresist was patterned to define the 
bottom Al electrode (2000 Å thick) using the lift-off process. It was important to have 
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silica grown wafer in place of a regular silicon wafer as silica aids in the adhesion of 
PVDF thin-film to the surface. PVDF-TrFE was spin coated on the Al-patterned wafer. 
Then another patterned photoresist was used as a Reactive Ion Etch (RIE) mask to pattern 
the PVDF-TrFE thin film. The dry etch was performed under 100 sccm oxygen gas 
environment with 200 W RF power and 5 mT pressure. The PVDF-TrFE thin film etch 
rate was 150nm/min. The photoresist mask was etched simultaneously with an etch rate 
of 100nm/min and dry etch was continued until the photoresist mask was etched fully.  
 
 
 
Figure 5.3 Schematic showing the fabrication process without using SU8 
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Figure 5.4 Schematic of the cross-section of: (a) sandwiched design, (b) Parallel 
design, for the PVDF-TrFE films that can be fabricated 
Top Cu electrode (2000 Å thick) was patterned by wet etch and the photoresist 
mask was removed by dry etch. Using this recipe, we fabricated single, dual, triple and 
quadruple membrane geometries in the following bottom electrode sizes: 1x1 and 1.5x1.5 
cm2. Further, parallel electrode devices were also patterned using just the top mask to 
pattern the electrodes on one side of the membrane. Figure 5.6 shows few of such 
fabricated devices. 
 
 
(a) (b) (c)
 
Figure 5.5 Schematic showing the top-view of: (a) single, (b) dual, (c) quadruple, 
electrodes in sandwiched structure. The bottom electrode could be 0.5x0.5, 
1x1 or 1.5x1.5 cm2 
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Figure 5.6 Photograph showing the various 1.5x1.5cm2 devices fabricated on the silica 
coated wafer 
These devices were all fabricated on silicon wafer or on a hard substrate so far. To 
fabricate flexible sensors, adhesive backed Kapton (polyimide) tape (McMaster Carr, 
0.0025” thick) was placed on the SiO2 surface of the substrate with the remaining process 
being the same (Figure 5.3). However, in order to fabricate highly conductive electrode 
and electrode pads, the thickness of the metal deposition was increased to 3000 Å. 
Kapton was chosen as the substrate due to its robust chemical, mechanical, thermal, 
electric and biocompatible properties. Once complete, the devices were peeled off the 
wafer and placed on the desired surface for testing. Figure 5.7 shows the flexible devices 
that were fabricated using the current technique. The individual devices were easily diced 
either using a scalpel blade or scissors. 
 
 
 Figure 5.7
to generate false signal when coupled along with the charge amplifier. In order to 
overcome this, we coated 
material. 
electrode (aluminium). 
Figure 5.8
 Images of 
 
Since kapton film is polymeric and carries surface static charge, it was anticipated 
Figure 5.8
 Photograph of the second generation of flexible devices with aluminium 
(bottom electrode) covering maximal surface area to avoid external 
electrostatic interference
 
the first
the entire bottom surface area available, with ground electrode 
 shows the fabricated structures with completely covered bottom 
 
-generation flexible pressure sensors on kapton film
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Even though the thickness of the metal electrode layer was increased for the 
flexible sensor devices, all these designs showed poor connectivity with the external 
electrical wirings. This was primarily due to the thin nature of the patterns connecting the 
electrodes to the electrode pads. In order to circumvent this problem, we redesigned the 
device pattern. Further, since these devices were required to be compatible with catheter-
surface mounting, we designed the new devices to be in a longer format. Figure 5.9 
shows the final design of these flexible PVDF based devices fabricated in the present 
study. Copper was used as the bottom electrode and aluminium was used as the top metal 
electrode. Only the area where the two metal electrodes overlap was functional in nature. 
Therefore, the functional device geometries were 2x10mm2, 1x10mm2, 2x5mm2 and 
1x5mm2. All these geometries were fabricated on a single wafer for multiple 
simultaneous testing. We also patterned few devices with completely covered bottom 
electrode in 2x10mm2 format, as visible in Figure 5.9. 
 
 
Figure 5.9 Photograph of the final design of flexible devices using copper as the 
bottom electrode and aluminium as the top metal electrode 
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5.3 NANOFIBER SENSOR DESIGNS 
The goal of the present study is to fabricate flexible pressures sensors that can be 
mounted on catheter. Figure 5.10 shows the schematic of dual pressure sensors mounted 
on either side of a balloon along with the schematic of aligned nanofiber based pressure 
sensor.  
 
Aligned Nanofibers
Metal Electrodes
(a)
(b)
 
Figure 5.10 Schematic showing (a) placement of pressure sensors on either side of 
balloon on a catheter, and (b) highly aligned nanofibers based pressure 
sensor 
 
 
Figure 5.11 (a) Cross-section schematic of the device fabricated on flexible kapton 
(polyimide) film; and (b) photograph (top-view) of the actual device 
fabricated with aligned nanofibers stretching between the copper tape 
electrodes from a rotating drum assembly 
 
In order to fabricate highly aligned nanofiber based devices, initially copper tape 
(5mm wide) strips were placed adjacent to each other on a flexible kapton film with 1mm 
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spacing between them. This entire kapton film was wrapped around the rotating drum 
assembly and highly aligned nanofibers were electrospun directly on top of substrate, as 
shown in Figure 5.11. 
 
Moving forward, copper tape on kapton film was replaced with patterned metal 
deposited directly on kapton film. The devices had a functional surface area of 10x4mm2, 
as shown in Figure 5.12. Copper (350nm) metal electrode was deposited using 
photoresist lift-off and e-beam deposition. 
 
 
Figure 5.12 Photograph showing first generation design for nanofiber based devices 
 
The above patterned kapton film was wrapped around the rotating drum assembly 
and aligned nanofibers were electrospun directly on to the devices. The electrospinning 
was carried out in a manner such that the electrospun fibers were aligned lengthwise on 
the device. In other words the length of every nanofiber making contact with both the 
electrodes was 10mm.  
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Figure 5.13 Photograph showing aligned nanofiber devices coated with top metal 
electrode pad 
 
In order to anchor the electrospun fibers down on the kapton film and increase the 
electrical connectivity of the fibers with the patterned electrodes, a thick layer of copper 
(350nm) was patterned on top using a hard shadow mask (fabricated using 3D printer), as 
shown in Figure 5.13. For external connectivity to these devices, electrical wires (32 
gauge) were directly connected to the top metal electrode pad using silver print (MG 
Chemicals). The wire-electrode pad connection was then covered with UV curable epoxy 
(NOA 81, Norland optics). The whole device was then placed on a glass slide and spin 
coat covered with low-viscosity UV curable epoxy (NOA 89, Norland optics).  
 
A problem with the first generation design of nanofiber based devices, was the 
need for longer nanofibers. The nanofibers had to be 10mm long to make an active 
device. Further, any charge generated at the center of a 10mm long nanofiber would not 
be able to reach either of the electrode pad due to the high impedance of PVDF-TrFE as a 
material. Therefore, we fabricated the second generation design for nanofiber based 
devices such that a nanofiber had to be only 4mm long (Figure 5.14). The second 
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generation design also allowed for higher number of fibers to be present in a single 
device compared to the previous design.  
 
 
Figure 5.14 Photograph showing second generation design for nanofiber based devices 
 
Electrospinning of nanofibers was done in the same manner as before, by 
wrapping the kapton film around the rotating drum setup. In order to anchor the fibers 
down on kapton film top metal (copper, 350nm thick) was again deposited using anoter 
hard shadow mask. The electrical connections to the devices and assembly of devices 
were done in the same manner as described above. 
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(a) (b)
 
Figure 5.15 Schematic of devices fabricated from (a) Highly aligned PVDF nanofibers, 
(b) PMMA-PVDF core-shell fibers with external metal coating 
 
For fabrication of core-shell based nanofibers, we used the second generation type 
device pattern. The goal was to fabricate aligned core-shell fibers stretched between two 
electrodes, as shown in Figure 5.15. Core-shell fibers were electrospun using core-shell 
setup on the patterned kapton film substrate. Figure 5.16 shows the core-shell electrospun 
substrate with fibers that were aligned from left to right direction. Even though the 
electrospun fibers were covering the entire available surface area, electrical connections 
to the conductive core still needed to be established.  
 
 
Figure 5.16 Photograph showing aligned core-shell electrospun fibers directly on top of 
patterned substrate 
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The open circuit potential of the devices was found to higher than 1GΩ 
(measurable limit of the digital multimeter). In order to connect the conductive core to 
the electrode collector, silver print was used along the length of the electrode (Figure 
5.17a). Silver print contains organic polar solvents which help dissolve the PVDF-TrFE 
coating and establish a conductive connection to the core PEDOT-PVP fiber. Control 
experiments were done where both the electrodes were covered with silver print to short 
circuit the devices and the resistance of the devices fell to 1.5MΩ, which also happened 
to be the resistance of a bulk (spin-coated) PEDOT-PVP film (1cm length). This is an 
indication of good connectivity of the core-fiber with the electrode pad. 
 
 
Figure 5.17 Photograph showing (a) silver-print coated along electrode length for 
connection of core fibers, and (b) top metal coated set of devices 
 
In order to connect the PVDF shell material to the other electrode, copper metal 
was e-beam deposited from top (350nm) using a hard shadow mask. Figure 5.17b shows 
the photograph of the final devices. The resistance between the two electrodes was still 
127 
 
greater than 1GΩ, indicating good core-shell assembly of fibers. Electrical wires were 
connected to the electrode pads using silver print, as shown in Figure 5.17. The devices 
were spin coated with UV curable epoxy (NOA 89) for external passivation.  
 
5.4 SUMMARY 
We described the process of fabricating thin-film based devices. Different sizes 
and electrode patterns were easily fabricated. The same fabrication technique was 
transferred to kapton substrate for fabrication of flexible devices. Due to the thin 
patterned electrode connections, the device pattern was shifted to longer device type with 
thick electrode connections. These devices were more suitable for catheter mounting 
application as well. 
 
We also described the device designs used for nanofiber based devices 
fabrication. The same optimized design was used for fabrication of core-shell devices. By 
coating top metal electrode after electrospinning of nanofibers, we made sure that the 
nanofibers were well attached to the flexible substrate, both mechanically and 
electrically. Further, we demonstrated successful fabrication of core-shell fiber based 
using the appropriate controls.  
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Chapter 6: Sensor characterization 
6.1 INTRODUCTION 
In the present chapter, we first present a brief overview of the previously used 
testing procedures for sensors using PVDF. We will also justify to why these techniques 
cannot be used in the present study. Later on in the chapter, we then present the testing 
procedure that we used for our PVDF sensors. 
 
The different testing chambers along with the results obtained from the chambers 
are presented later in the chapter. Output from all the different types of PVDF sensors 
(Chapter 5) are described and compared for sensor comparison. 
  
6.2 PREVIOUS TESTING METHODOLOGY 
Testing of pressure sensors usually requires subjecting the pressure sensor to a 
known value of pressure using physical means, followed by calibration of the signal 
generated from the sensor against the actual value of the pressure. Subjecting the PVDF 
structures to pressure causes stress in the structure, which leads to surface charge 
generation. The deformation in the PVDF film could be due to the deflection of a film or 
due to compression. Based on the mode of deformation in the film, there have been two 
major testing methodologies for PVDF based pressure sensors.  
 
Figure 6.1 shows the schematic of the deflection based testing assembly. In such a 
system, the PVDF film is usually clamped at both the ends such the film is suspended 
inside the housing. When pressure is applied on the sensor, it leads to deflection in the 
suspended film, generating an electrical charge and voltage signal. The charge is 
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collected through the two electrodes and transmitted to the external circuitry. The 
drawback with this testing method is that the PVDF films or structures need to thick so 
that it can suspended and ensure that it would not irreversibly deform when pressure is 
applied.  
 
 
Figure 6.1 Schematic of deflection based pressure sensors. Source: Pressure sensor 
from a PVDF film 
 
With our thin films being substantially thinner (1µm) compared to the films tested 
previously. Further, pulling off such thin films from the substrate surface might lead to 
mechanical stretching of the film and further thinning. A more practical approach for 
testing of thin film based devices is by using the compression testing setup, as shown in 
Figure 6.2. The sensor device is placed on a fixed support. Compression is introduced to 
the fixed sensor using an external vibrator. A commercial force transducer can be 
simultaneously coupled to this vibrator for calibration of the force transferred to the 
sensor under test. The signal obtained from the sensor under test can be compared against 
the spectrum obtained from the commercial force transducer for calibration purposes. 
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Compression mode of testing is more suitable for thin film based devices, as is in the 
present study. However, reduction in the device size increases the scope of external 
electrostatic interference. The effect of electrostatic interference is further worsened by 
the presence of the probe, which is difficult to ground and the absence of a faraday’s cage 
around the sensor under test to shield the stray charges. As the device size shrinks, the 
amplification on the charge amplifier needs to be increased to compensate for the loss in 
sensitivity. Employing any physically moving object for force transduction on such a 
small sensor can lead to false signal generation, corresponding to the movement of the 
probe itself. 
 
 
Figure 6.2 Schematic and photograph of deformation based pressure sensors. Source: 
Flexible Dome and Bump Shape Piezoelectric Tactile Sensors Using PVDF-
TrFE Copolymer 
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6.3 CHARGE AMPLIFIER 
The piezo-electric PVDF film, like other piezoelectric sensors, is not accurate for 
measurement of static pressures due to the discharging of the surface charges [131]. 
Therefore, only dynamic pressures with a minimal frequency of about 0.01Hz can be 
measured using PVDF based sensors [131]. When the pressure subjected on the film 
deforms the PVDF film, an electric charge and voltage is generated on the electrodes. 
This electric signal can be measured with a simple electric circuit. However as the device 
size keeps shrinking, the signal intensity deteriorates due to the lower amount of 
piezoelectric material contributing to the charge generation. In order to compensate for 
the poor signal quality, a charge amplifier can be used. 
 
Most of the commercial charge amplifiers are based on the principle of grounding 
one of the transducer electrodes. Larger gains in efficiency are likely to be realized by the 
design and fabrication of a charge amplifier that is properly coupled to the characteristics 
of the specific sensor. Efficient removal of surface charge from the PVDF requires 
extremely high device input impedance.  In the present study, we used two different 
charge amplifiers. One was a commercial charge amplifier (Measurement specialties Inc.) 
providing output gain of 40dB. For recording simultaneous input from dual sensors, a 
dual-channel charge amplifier was also assembled, capable of up to 60dB gain. The 
electrical circuit for the custom-built charge amplifier is shown in Figure 6.3a. OPA227 
and AD620 were used to convert the high impedance signal to low-impedance signal and 
for output voltage amplification, respectively. The feedback capacitance, which 
determines the sensitivity of the charge amplifier, was selectable from 3pF-100µF. The 
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resulting custom-built charge amplifier contained two of the above described circuits 
(Figure 6.3b) to enable simultaneous reading of two PVDF sensors. 
 
(a)  
(b)  
 
Figure 6.3 Thin-film sensor charge amplifier circuit. (a) Circuit schematic of a single 
channel charge amplifier, and (b) photograph of the custom-built dual 
channel charge amplifier 
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6.4 MANUAL TESTING 
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Figure 6.4 Plot of device output obtained by manual testing of: (a) thin-film, and (b) 
nanofiber based devices 
 
Manual testing of sensors involves application of pressure on the PVDF sensors 
by manual tapping using a probe similar to what the vibrator achieves in Figure 6.2. The 
main difference, however, is that there is no external force transducer to corroborate the 
magnitude of the applied pressure. Therefore, manual testing by manually tapping using a 
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probe on the sensor surface serves as a quick method for testing the functionality of the 
devices. 
 
0 shows the response obtained from various PVDF sensors by manual tapping. 
The devices showed good initial response, corresponding to the pressure input. This 
technique can also be used to study the hold-and-release characteristics of the device, 
which can provide important information about the device response time and its 
piezoelectric nature.  
 
6.5 FLOW CHAMBER 
In order to overcome the challenges associated with the testing of a miniature 
sensor using the conventional testing methods presented above, we tested the sensors 
using air pressure inside a custom-fabricated chamber. The current Figure 6.5 shows the 
schematic of the pressure sensor measurement in air chamber. A 5x5x6 cm3 chamber was 
fabricated. Air was introduced into the chamber through the inlet and venting of air was 
controlled to manipulate the air pressure inside the chamber. The PVDF device was 
placed at the center of the chamber. The backside of the device was taped to the device 
holding plate. Both, the device and the sensor were so placed that the sensing element 
was perpendicular to the direction of the air flow and hence compression-induced signal 
from the commercial sensor and the PVDF devices due to air pressure was recorded. The 
pressure on the PVDF sensor was determined using commercial pressure sensor 
(Freescale Semiconductors, MPX2300DT1). The commercial pressure sensor was 
supplied an input of 5Vs, making the sensitivity upto 25.3µV/mmHg. Table 6.1 
summarizes the properties of the commercial pressure sensor used. Any possible leakages 
135 
 
from the chamber were prevented by the use of neoprene o-ring and vacuum grease. Air 
pressure and flow inside the chamber was manipulated using the multiple outlet valves.  
 
Table 6.1 Properties of the commercial pressure sensor. Source: Freescale website 
Characteristics Typical 
Pressure Range 0-300mmHg 
Supply Voltage 6 Vdc 
Supply Current 1 mAdc 
Sensitivity 5 µV/V/mmHg 
 
 
 
Figure 6.5 Schematic showing the working principle of the flow chamber for PVDF 
sensor testing 
 
In the present study, we fabricated two different prototypes of flow chamber for 
testing of PVDF sensors. Both designs were fabricated using the 3D rapid prototyping 
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machine (BME, UT Austin). Figure 6.6 shows the schematic and photograph of the first 
type of flow chamber testing setup.  
 
Inlet
Outlet
Device 
Holder
 
Figure 6.6 (a) Schematic showing chamber with air flow through the system; and (b) 
actual photograph of chamber in the testing setup 
 
 
Figure 6.7 Flow chamber assembly for sensor measurements. (a) Schematic showing 
chamber with air flow through the system; and (b) actual photograph of 
chamber in the testing setup 
 
The first type of flow chamber contains four plates based system, which allows 
for a compact assembly and thinner plates. However, the newer design (Figure 6.7) 
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allows for placement of both the PVDF sensor and the commercial pressure sensor on the 
same level, allowing for more accurate sensor calibrations. 
 
Air flow into the chamber was controlled using a flowmeter (Dwyer instruments) 
before the inlet and a multiple outlet valve after the inlet. Flow rate combined with the 
number of open outlet valves were used to generate air pressure inside the chamber in the 
0-300 mmHg range. This also happens to be the physiological pressure range over which 
the PVDF sensor needs to be operational. The two electrodes of the PVDF devices were 
connected to the terminals of the charge amplifier (Figure 2b), as described above. 
Charge amplifier setting were always kept on 40 dB gain (100x amplification), 100 nF 
feedback capacitor, 0.1-10Hz bandpass. All data was recorded after 40dB gain but was 
scaled to 0dB before plotting. Outputs from the charge amplifier were connected to a 
USB-type (6009) Data Acquisition Kit (National Instruments). The output was further 
filtered using a digital low-pass filter (set to 8Hz) with Infinite impulse response filter set 
to inverse Chebyshev filter of order three. A low threshold values of 8Hz was selected for 
the low pass filter because most of the physiological processes occur at 1-3Hz range, 
corresponding to 60-180 heart beats per minute. The chamber plates were sealed using 
custom-shaped o-ring made from flexible silicone elastomer. The electrode pads of the 
PVDF devices were connected to external wires using silver print (GC electronics).  
 
In order to further automate the air pressure control, we connected the air inlet to 
a solenoid valve (Figure 6.8). Both, the device and the sensor were so placed that the 
sensing element was perpendicular to the direction of the air flow. The inlet was kept at a 
certain air flow rate, while the exit of air from chamber was controlled using a multiple 
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valve exit. The solenoid valve was connected to the same data acquisition kit, which also 
served the purpose of PVDF sensor signal acquisition. The switching frequency of 
solenoid valve was controlled using LabVIEW program. By controlling the switching 
frequency, we could manipulate the air pressure cycling frequency inside the chamber. 
 
 
Figure 6.8 (a) Schematic of the automated air flow control system; (b), (c) photographs 
of the actual setup showing the solenoid valve feeding air to the chamber 
 
6.5.2 Air based testing 
When the devices were place inside the flow chamber and air was used to create 
ambient pressure, the responses were immediate and very reliable, having very fast 
recovery time. Error! Reference source not found. shows experimental results of 
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output voltage for a dual PVDF-TrFE film sensor (1x1 cm2 bottom electrode surface area) 
when exposed to impulses of air pressure in the chamber. When exposed to the same 
pressure amplitudes, similar outputs were observed though the charge amplifier. The two 
different top electrodes on the same device showed a fast recovery time, 0.17 sec and 
0.23 sec, respectively.  
 
 
 
Figure 6.9 Experimental results of output voltage for pressure sensor having dual 
PVDF-TrFE film, showing 26% recovery time mismatch between two 
membranes and 9% repeatability 
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Such recovery times correspond to an efficient resolving frequency of up to 5Hz. 
This happens to be in the physiological sampling rates, as most of the physiological 
phenomenon occurs at 1-3Hz, corresponding to 60-180 beats per minute. 
 
Figure 6.10 shows the hold-and-release output response obtained from a single 
PVDF pressure sensor fabricated (in blue color; online) corresponding to the pressure the 
PVDF device was subjected to, inside the chamber. The response obtained from the 
PVDF devices show the typical dynamic response expected from piezoelectric PVDF 
films. The pressure inside the chamber was measured using the commercial pressure 
sensor, indicated by the right vertical axis in Figure 6.10. The negative voltage peak 
corresponds to the compression of the membrane and the positive direction peak 
corresponds to the relaxation of the membrane.  
 
 
Figure 6.10 Response from PVDF-TrFE devices on hold-and-release pressures inside 
the air chamber showing the true dynamic behavior of the piezoelectric 
PVDF films 
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The relaxation response from the PVDF film is a combined function of its spring 
constant and the damping factor. Response from control devices is shown in red, when 
exposed to similar pressures. Control devices were assembled in exactly the same manner 
as normal devices but did not have any PVDF membrane present.  
 
For different magnitudes of pressure inside the chamber, the peak voltage from 
the PVDF devices were obtained and plotted as shown in Figure 6.11. The graph shows a 
linear response for the PVDF based pressure sensors in physiologically relevant pressure 
range. Further, we notice that the slope is higher for 1µm devices compared to 6µm 
devices, indicating higher sensitivity from thinner devices. Results indicate that the 
fabricated pressure sensor shows near β-phase formation in the film even after standard 
lithography techniques.  
 
Figure 6.11a compares the dual membrane design with the quadruple membrane 
design for 1.5 x 1.5 cm2 devices. Only one of the top available electrodes was connected 
at a given time. The standard deviation for all the data observed was low (< 4%). The 
ratio of slope in the two plots was 2.3 for dual over the quadruple. This ratio of slope was 
as expected due to nearly double functionally active surface area for the dual membrane 
design compared to the quadruple membrane design. 
 
This ratio of slope was also found to remain the same when the PVDF film was 
not etched, indicating that it is the area between the electrodes which contributes towards 
the signal output. In other words, there was no contribution from areas of the PVDF film 
which was not covered by metal electrodes. 
142 
 
 
(b)
(a)
(c)
 
Figure 6.11 Characterization of design variations for PVDF-TrFE devices (1.5x1.5cm2). 
(a) high sensitivity of dual membranes comparing to quadruple membrane 
of 1µm thick PVDF film, the ratio of the slope was 2.35; (b) higher 
sensitivity of sandwich devices (3.33 times) comparing to parallel electrode 
on devices; (c) sensing performance of thin and thick films in the air 
chamber 
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Figure 6.11b compares the performance from PVDF devices with Parallel 
electrodes vs. the Sandwich type electrodes. As expected, the sandwich type devices 
perform better (more than 3 times higher sensitivity) compared to parallel electrodes. 
This is because the piezoelectric coefficient for PVDF working in compression mode, d33, 
can be more than two times higher than the lateral stretching mode, d31 [95]. 
 
Figure 6.11c shows the improved performance obtained from a thinner film (1 
µm) compared to a thicker (6 µm) PVDF film.  
 
We observed nearly 1.7 times higher signal output from the 1µm PVDF device 
compared to 6µm devices, indicative of the higher piezoelectricity of thinner film. This is 
possible due to the higher surface tension involved in the formation of a thinner film 
during spin coating, resulting in higher crystallinity in thinner films compared to the 
thicker films.  
 
Previously, we demonstrated that curing of PVDF films increase the beta 
crystalline phase considerably [91] using techniques like Raman and Fourier transform 
infrared spectroscopy. We also showed that the 1µm thick PVDF film based devices 
demonstrate higher sensitivity compared to the 6µm thick films [91]. These results were 
further supported by techniques like differential scanning calorimetry (DSC) in the 
present study. Thinner films show inherently higher crystallinity due to higher stretching 
during the spin-coating process, without the need for additional electrical poling. 
 Figure 6.12
peak matching, from the PVDF sensors. 
PVDF sensor in real
sensor in the same chamber. Albeit 
the signal from commercial pressures sensor, the low amplitude is due to the large release 
peak, observed around 33s, when the flow of air into the chamber is stopped. The PVDF 
sensor does not show any s
 Plot showing the PVDF sensor response to automated air pressure in the 
flow chamber
 
When automated air pressure was used, we still got excellent signal, with peak
 
-time, against the signal obtained from commercial freescale pressure 
ignal between 15
the amplitude of the PVDF signal is low, compared to 
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-23s, when the air flow into the chamber was 
 shows the signal obtained from 
-to
 
-
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maintained but the solenoid valve was stopped. Therefore, there was no pressure inside 
the chamber, which is clearly depicted by the PVDF sensor, as expected. 
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Figure 6.13 Comparison of real-time pressure measurements using PVDF thin-film 
sensor (blue curve) and Freescale pressure sensor (black curve) as a function 
of the (a) ambient pressure change in chamber; and (b) chamber pressure 
frequency 
146 
 
Further testing of the PVDF sensors was done for response to the variation in the 
air pressure. The solenoid valve was set to operate at a frequency of 1Hz and the flow 
rate into the air chamber was increased. 
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Figure 6.14 Plot showing the input voltage (top) to a PVDF thin film device and the 
resultant output charge obtained (bottom) from the device 
 
The devices showed perfect peak-to-peak correlation compared to the commercial 
pressure sensor (Figure 6.13a). An increase in the input flow rate increased the chamber 
pressure and similar result was observable using the PVDF pressure sensor in the air 
chamber. By keeping the air in-flow rate constant and varying the solenoid valve 
operating frequency, the air pulsating frequency in the chamber could be varied. Again, 
the PVDF pressure sensors show a good correlation with the commercial pressure sensors 
(Figure 6.13b).  Electrical impulse inputs to these devices yielded a resonant frequency of 
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6.34 MHz for the films and a damping ratio (ζ) of 0.118, indicating underdamped nature 
of the PVDF pressure sensor film.  
 
The logarithmic decrement (δ = 2.652) was calculated from the recovery time of 
the PVDF devices in Figure 6.14 and the damping ratio (ζ) of the devices was calculated 
using the following equation: 
ζ =
δ
(2π)+δ
 
 
When two electrode devices were connected, the top two electrodes were 
connected to independent channels and the bottom electrode acted as the common ground 
electrode. Output from such a device is shown in Figure 6.15. The plot shows the output 
obtained from the devices after charge amplification, in mV and the corresponding 
ambient pressure in mmHg. The PVDF sensors performed at a sensitivity of 
99µV/mmHg. 
 
The testing of the fabricated PVDF sensors show good performance compared to 
the ambient pressures in the chamber. From Figure 6.15a we observe that the travelling 
average has a noisy nature, which is due to the absence of baseline subtraction. The 
maximum frequency shown in Figure 6.15b is 3Hz, which also happens to be the range 
for normal physiological frequencies. Therefore, the PVDF pressure sensor is capable of 
resolving physiological pressure variations even in miniature flexible version. Thus the 
output from the PVDF pressure sensor is uniform through the operational frequencies. In 
other words, there is minimal drift observed for the PVDF sensors. 
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Figure 6.15 The flexible-PVDF sensor response versus the chamber pressure for two 
independent top electrodes. Slope of the graphs indicate reliable 
performance from the two electrodes with different zero errors and a high 
sensitivity of 99µV/mmHg 
 
The dual top electrode based PVDF sensors show a good linear response even 
with very low functional surface area. Larger devices have show more reliable 
reproduction of pressure measurements [91]. Since the ambient chamber pressure was 
measured using a commercial pressure sensor, the data obtained from the commercial 
pressure sensor was in voltage as well. Using the custom-calibrated equation, this data 
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was used to determine the ambient chamber pressures. Since the commercial pressure 
sensors perform in a similar manner compared to our PVDF sensors (Figure 6.15), we 
could also calculate the error in measurement using the commercial sensors from the 
acquired data. This error from the commercial pressure sensor is plotted on the chart as 
the x-axis error. A quick comparison of the error bars of PVDF sensors versus the 
commercial pressure sensor indicates that the performance of the PVDF sensors is as 
reliable as the commercial pressure sensors used in the present study. Further, the 
sensitivity of the PVDF pressure sensor was found to be 99µV/mmHg, nearly four times 
higher than the commercial pressure sensor used in the present study (25.3µV/mmHg). 
 
6.5.3 Water based testing 
In order to simulate physiological conditions for testing, it was important to 
replace air based testing process with water based testing environment. We replaced the 
air source with a constant source of water by the use of a peristaltic pump. By keeping the 
entire setup the same, we could manipulate the water pressure inside the flow chamber 
either manually using the multivalve or using the solenoid valve. In order to protect the 
devices from getting damaged by water, the entire device surface was spin coated by a 
thin film of ultra-low viscosity UV-curable epoxy (Norland optics). The UV epoxy was 
spin coated on top of the device surface at 2000rpm for 30s. This resulted in a 10µm or 
thinner layer of UV epoxy formation on top of the device. The resulting film was flexible 
and did not affect the PVDF sensor significantly, as shown by Figure 6.16 and Figure 
6.17.  
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Figure 6.16 Plot showing comparison of water based testing results in flow chamber 
between commercial pressure sensor (top) and PVDF sensor (bottom) 
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Figure 6.17 Plot showing PVDF sensor output as a function of the chamber water 
pressure 
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Although, Figure 6.17 shows low sensitivity obtained from a sensor tested in 
water chamber, this was not true for most other sensors tested in the water chamber, as 
can be seen from Figure 6.16. Moreover, water chamber testing of thin film devices were 
done mainly to study the effect of exposing devices to water based environment and 
optimize sensor packaging for catheter based testing (described later in Chapter 6). It was 
found that the devices did not show any degradation or difference in the signal response 
when the electrode portion of the devices was not coated with UV epoxy, as long as the 
terminal electrode pads (where external wiring connections are made using silver print) 
were sealed with UV epoxy. 
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Figure 6.18 Water chamber testing of randomly oriented nanofibers based device 
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We also performed preliminary water based testing for electrospun fiber based 
devices. Figure 6.18 shows good peak-to-peak corroboration between the device output 
from a randomly oriented electrospun sample against the ambient chamber pressures.  
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Figure 6.19 Plots comparing the sensitivity of randomly oriented nanofibers based 
device (top) against the aligned nanofiber based devices (bottom), both 
graphs at 30dB 
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Figure 6.20 Figures showing SEM image of the aligned nanofiber sample along with the 
fiber diameter distribution in the sample. The average fiber diameter was 
found out to be 1.469 ± 0.654 µm  
Figure 6.19 compares the performance of random nanofiber based devices 
alongside the performance of aligned nanofiber based devices. Both the sensitivity plots 
show the device performance at 30dB. From the sensitivity plots, we notice that aligned 
nanofiber based devices show higher sensitivity (280µV/mmHg) compared to the random 
nanofiber based devices (65µV/mmHg), assuming 30dB of amplification at the charge 
amplifier. Further, the aligned nanofiber based devices showed higher linearity, indicated 
by the higher residual sum of squares value.  Fiber characteristics described in Figure 
6.20 are indicative of good aligned fiber patterning as indicated previously (Figure 4.30).  
 
The same highly aligned nanofiber based devices did not perform as well on 
poling, however. Figure 6.21 shows the decreased sensitivity and increased error in the 
device performance after poling of nanofibers.  
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Figure 6.21 Sensitivity plot of aligned PVDF nanofiber based devices after poling of 
devices at 3kV for 30 minutes, showing decrease in the device performance 
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Figure 6.22 Plot showing reversal of polarization obtained by swapping of terminal 
electrode connections, indicative of piezoelectric phenomenon 
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The devices showed a reversal in polarization obtained from the two electrodes 
upon swapping of the electrode connections (Figure 6.22). This is a good indication that 
the signal being obtained is from the piezoelectric nature of the aligned nanofibers and 
not due to external electrostatic residual charges. 
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Figure 6.23 Plot comparing raw data output from aligned nanofiber based PVDF devices 
sensitive enough to detect changes in water flow rate 
The aligned nanofiber based devices showed higher sensitivity (280µV/mmHg, 
scaled to 40dB) compared to the thin film based devices (99µV/mmHg) while at the same 
time using only half the piezoelectric material (estimated from the average fiber diameter 
and surface fiber density). This high sensitivity was also capable of detecting minor 
fluctuations in the flow rates (Figure 6.23), where the commercial pressure sensor failed 
to show any minor pressure variations. 
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Figure 6.24 Plot of core-shell electrospun fibers based pressure sensing devices, scaled 
to 40dB for comparison with previous sensors 
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Figure 6.25 Plot showing core-shell fiber distribution (average diameter 0.951 ± 0.0.284 
µm), along with the FFT plot showing alignment of the electrospun fibers 
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Figure 6.24 shows the enhanced performance of core-shell electrospun fiber based 
devices plotted at 40dB. The core-shell based devices showed high sensitivity 
(4mV/mmHg) along with high linearity (R-value = 0.99) over the required pressure range 
of 0-300mmHg. From Figure 6.25, we notice the aligned nature of core-shell electrospun 
fibers on a rotating drum assembly with average fiber diameters being around 1µm.  
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Figure 6.26 Plot showing reversal in polarity from another CSEF based devices on 
electrode swapping, a strong indicator of piezoelectric signal 
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The core-shell based devices showed good performance that was 4.5 times higher 
than the aligned nanofiber based devices (Figure 6.27) than the nanofiber based devices. 
Further, Figure 6.27 summarizes the performance comparison of the various transducer 
designs fabricated in the present study. We clearly see 8.8 times higher signal output 
from nanofiber based devices than from the thin-film based devices, which in the same 
range of electromechanical efficiency enhancement as reported previously for nanofibers 
versus thin-film based devices [71]. 
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Figure 6.27 Plot comparing the sensitivity of various sensors fabricated in the present 
study 
 6.5.4 
catheter, it was important to check for the functioning of PVDF sensors on soft material 
based tubing. 
diameter polyurethane tubing fixed inside the chamber. 
Figure 6.28
middle plate of the testing chamber. The flexible PVDF sensor was mounted on the 
curved surface of this tubing in a manner that the sensor and the commercial pressure 
sensor were on the same level
a hole punctured in the tubing itself. All holes, gaps and electrode pads were sealed using 
UV epoxy. Water was then flown in a controlled manner through the chamber for testing 
the PVDF sensor.
Tubing based testing
Before the actual mounting of any pressure sensor on the
Figure 6.28
 
 Photograph of the flow chamber modified to hold a flexible tubing with a 
PVDF sensor mounted on the external wall of the tubing
 
The tubing was 
 
 
 shows the p
inserted through a custom made hole on the side wall of the 
 
hotograph of such a modified chamber with 5mm 
. Electrical wirings to the PVDF sensor was passed through 
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 curved surfaces of a 
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Figure 6.29 Signal output from a single top electrode PVDF thin-film based device 
(2x2mm2) 
 
Figure 6.29 shows the signal output obtained from a single top electrode device 
(2x2mm2) mounted on the tubing inside flow chamber. The data was normalized to 40dB 
in the present plot. We see good linear response from the fabricated PVDF sensor even 
under water testing on flexible tubing. Further, a quick comparison between Figure 6.29 
and Figure 6.15 reveals that we observe twice the sensitivity from the single top electrode 
device (Figure 6.29) than from the double top electrode device (Figure 6.15). This is 
obvious due to the double surface area of the single top electrode device accumulates 
twice the amount of charge compared to a single electrode of a dual-top-electrode 
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patterned device. This is further evidence that the PVDF sensors fabricated in the present 
study gave reliable and consistent output. 
 
6.6 VASCULAR TESTING MODEL 
In order to test the PVDF sensors in close to physiological environment, we built 
a vascular testing model in which we could control the water pressure. The water 
pressure was measured simultaneously by a commercial pressure sensor alongside the 
PVDF sensor. While the commercial pressure sensor was fixed in the rigid housing, the 
PVDF sensor was mounted on the tip of the catheter. 
 
6.6.1 Catheter setup 
 
 
Figure 6.30 (a),(b): Photographs showing PVDF pressure sensors mounted on catheter, 
on either side of balloon. Scale bars: 1cm. 
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For catheter assembly, commercial aortic occlusion catheter was used for testing 
(10Fr gauge, Coda Aortic Catheter, Cook Medical, Bloomington, IN). Pair of 40 gauge 
insulated magnetic wires was used to make connections to the device electrode pad. The 
electrical wires were wrapped around the catheter surface or passed through the internal 
lumen space of the catheter (Figure 6.30 and Figure 6.31). The electrical connection was 
made using silver print. The whole joint was insulated using UV curable epoxy. 
 
 
Figure 6.31 Photograph showing a core-shell electrospun fiber based sensor mounted on 
the catheter 
 
6.6.2  Vascular testing setup 
To simulate physiological blood flow, a 3D model of the aorta and lower arteries 
was fabricated using a laser sintering machine (Sinterstation HiQ, 3D Systems, Rock 
Hill, SC). The model was created by extracting the vascular structures from contrast-
enhanced computed tomography (CT) scan data from an average sized male patient. The 
walls were made slightly thicker than normal in order to stabilize the structure. Barbed 
tubing connectors were fixed to the terminal ends of this 3D model with one of the 
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segment connected to a 0.5” tubing to act as the catheter insertion port (Figure 6.32). 
Through-wall holes were drilled in the same segment holding the catheter for placement 
of the same commercial sensors (mentioned above). The commercial sensors were sealed 
in place using epoxy in a way such that the transducer element was open to the fluid 
flowing inside the arterial segments.  
 
 
Figure 6.32 Vascular testing model with integrated sensor. 
 
6.6.3 Device Testing 
For water based testing in the vascular testing model, the assembled catheters 
were inserted through the port up to a distance such that the PVDF sensors were in 
proximity of the commercial sensors in the same segment. The inserted catheter was 
locked in place using butyl rubber cork which with custom drilled bore size and made 
water-tight using hot-glue.   
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Figure 6.33 Real-time signal from a catheter-mounted PVDF sensor versus the 
commercial sensor (on vascular testing model pressure) located in close 
proximity to the PVDF sensor 
 
Water was injected into the completely assembled vascular testing model with the 
help of a peristaltic pump. The catheter port segment was first kept unsealed to allow 
escape of air. The water pressure and flow rate in the various segments was controlled 
using a multi-flow valve. The fluid pressure inside the vascular testing model was 
controlled manually by manipulating the fluid flow rate and the time for which the valve 
165 
 
was closed and simultaneous signals were recorded from both the PVDF devices and the 
commercial pressure sensors. 
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Figure 6.34 Plot showing highly sensitive PVDF sensors capable of detecting low 
intensity fluctuations in water pressures inside the chamber due to the 
peristaltic pump, where the commercial pressure sensor failed to detect any 
pressure fluctuations  
 
The signal output from the sensors is shown in Figure 6.33 and Figure 6.34. From 
the plot, we see a good correspondence from PVDF devices under wet conditions as well. 
Further, the signal to noise ratio is higher from PVDF devices compared to the 
commercial sensor. Figure 6.34 shows the high quality signal obtained from PVDF 
sensors, which as capable of detecting the minor fluctuations in vascular testing model  
due to the peristaltic pump. Similar results were obtained from dual sensors mounted on a 
catheter and tested in the 3D vascular model.  
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Figure 6.35 Comparison of the proximal (closer to catheter tip) and distal (away from 
catheter tip) PVDF sensors against the fluid-pressure inside the vascular 
model. It shows shorter response times of PVDF sensors (0.26s) compared 
to the commercial pressure sensor (1.30s).  
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Figure 6.35 shows good correlation of the signal output with the ambient pressure 
from the two PVDF sensors mounted on either side of a balloon. Further, there is 
negligible delay in the signal received when the balloon is deflated. The average response 
time of the PVDF sensors (0.26s) was found to be five times higher than the commercial 
pressure sensor (1.30s) when evaluated for the 0% to 100% pressure change. When the 
balloon is inflated, pressure is recorded from the proximal PVDF sensor only, as 
expected (data not shown). Again, the commercial pressure sensors in the present case 
show a lot of noise compared to the high quality signal from PVDF sensors. 
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Figure 6.36 Plot showing performance of a CSEF device mounted on catheter surface 
compared against the commercial pressure sensor  
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Figure 6.36 shows a comparison between the commercial pressure sensor and 
high quality response obtained from the core-shell electrospun fiber based sensors that 
were mounted on a catheter. Further, this signal showed good correlation and reflection 
of the water pressures inside the vascular testing chamber without any amplification on 
the charge amplifier. Figure 6.37 shows the same device response obtained when the 
balloon was inflated and deflated.  
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Figure 6.37 Plot showing the response obtained from core-shell electrospun fiber based 
sensors on catheters upon inflation and subsequent deflation of a balloon on 
catheter, compared against no signal received from the commercial pressure 
sensor 
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Only the CSEF based sensor was capable of detecting the pressure variations due 
to the changes in balloon condition and any change in the system went unnoticed by the 
commercial pressure sensor.  
 
6.7 SUMMARY 
The low-cost, low-temperature standard lithography fabrication technique is 
applicable to pattern biocompatible PVDF-TrFE copolymer. The process is fully 
compatible with existing micromachining fabrication processes without additional 
mechanical stretching and electrical poling processes. Further, we found that the 
electrode-patterned surface area only contributes towards the output signal rather than the 
PVDF area. We achieved better β-phase formation in thin film (1 µm) PVDF-TrFE 
copolymer compared to the thick film (6 µm) without any electrical poling or mechanical 
stretching. The demonstrated fast recovery time (0.17 sec), biocompatibility, and compact 
form factor show the great potential for pressure and flow direction measurements as 
implantable biomedical devices.  
We further fabricated devices and tested them in water based testing environment, 
both on a hard wall surface and on soft-material tubing. From both the testing 
environments, we observed good device response. Water based testing was extended to 
custom-build vascular testing model. For vascular based testing, PVDF sensors were 
successfully mounted on the surface of the catheter. The catheters were inserted inside 
the vascular testing model and by manipulating the flow of water inside the model, we 
observed high quality signal obtained from PVDF devices compared to the existing 
commercial pressure sensors. The PVDF devices fabricated in the present study showed 
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higher sensitivity and shorter response time, both of which are highly desirable for the 
intended biomedical applications. 
For the future prototype ready for catheter based in-vivo measurements multi-
lumen catheters will be used for multiple sensor integration onto a single catheter. In such 
an assembly, the electrical wirings will be internally present and will not be exposed or 
affected by blood flow or bodily fluids. Although we passivated the sensors in the present 
study using UV epoxy, the devices can be readily laminated using thin coating of 
parylene, which has been shown to be biocompatible previously [132].  
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Chapter 7: Conclusions and Future Work 
 
7.1  CONCLUSIONS 
In the present thesis we have demonstrated the capability of using various PVDF 
structures and fabricate highly sensitive, flexible pressure sensors out of them. Such 
flexible pressures sensors are highly important for various biomedical applications, 
especially since they can be easily integrated with catheters for minimally invasive 
surgeries.  
 
We demonstrated the technique for fabrication of uniform thin film structures 
using PVDF-TrFE solution. The film was shown to have high cyrstallinity, comparable to 
commercial films, without any mechanical stretching or poling. We also demonstrated 
that 1µm thin film was more piezoelectric nature compared to the 6µm thick film. This 
was supported by the differential scanning calorimetry experiments and also by the 
fabricated sensor performance. We successfully assembled the electrospinning facility 
and optimized all the different variables involved in the electrospinning of PVDF 
nanofibers. Further, we optimized the ground collecting electrode geometry for patterning 
high-density of highly aligned nanofibers. Quantification of the highly aligned nanofibers 
was performed on the obtained samples using ImageJ. This technique helped us 
distinguish between the aligned nanofiber and the randomly oriented nanofibers. More 
importantly, the results of quantification revealed that higher rotating drum speeds lead to 
better alignment of the fibers. This high rotation speeds coupled along with the parallel 
ground wires on the rotating drum was the missing link towards achieving high-density 
of highly aligned nanofibers. 
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We also demonstrated the electrospinning of core-shell fibers. Several variables 
were optimized to obtain the desirable highly aligned core-shell fibers. Further, the 
resistance of the core material was decreased substantially by using PEDOT:PSS based 
polymer solution. PVP was added to the core solution to add viscosity to the solution. 
TEM images along with the presented confocal laser fluorescence imaging indicated 
substantial presence of core-shell fibers in large quantities. The fabrication of the 
conductive core-polymer and the optimization of core-shell electrospinning conditions 
opens up the possibilities for creating nanostructure based biosensing systems that are 
robust and compact for therapeutics, NEMS, MEMS and micro-total analysis systems.  
 
We demonstrated the procedure for integration of the thin film, highly aligned 
nanofibers and core-shell fiber structures into device format. Devices were successful 
fabricated employing the various structures described in the present study. We also 
optimized various device geometries to optimize the signal quality. Thin-film based 
PVDF sensors showed faster recovery times and higher sensitivity, even compared to the 
commercial pressure sensor (intended for biomedical application). This indicates the need 
and efficacy of PVDF pressure sensors. We also tested these sensors in water based 
environment and in vascular testing model. We further demonstrated that the flexible 
sensors can be easily mounted on the curved surfaces of a catheter and still maintain all 
the performance characteristics of the sensor.  
 
 the present study. Further, core
promising future in biomedical application. 
and application of nanostructures towards bioenergy harvesting and sensing technologies. 
The technology developed here incorporates efforts in advanced materials 
characterization,
characterization and testing. The technology developed here has several potential 
applications (
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7.2 FUTURE WORK 
 
7.2.1 Point of care systems in Biomedical Engineering 
The experimental results of this dissertation provide several key insights into the 
future directions that this research can move forward. Even though piezoelectricity of 
PVDF was discovered several decades ago, fabrication of PVDF based nanostructures is 
a very recent trend. Clearly, there is a lot more that can be done on different fronts of 
material characterization, optimization for high-throughput fabrication, enhancement of 
core material, packaging, device assembly and testing. Development of highly conductive 
core materials, possibly by using graphene composite materials, is an exciting avenue 
remaining unexplored. Usage of core-shell nanofibers for electroimmuno based sensors 
can also be studied.  
 
 
Figure 7.2 Schematic showing the final device mounted on the catheter surface using 
flip-chip bonding with parylene coating for passivation. An additional layer 
of gold film is added to eliminate electrostatic interference 
 
Development of more robust, reliable, flexible pressure sensors for catheter 
application can revolutionize the field of minimally invasive surgeries. Commercial 
packaging of the PVDF based pressure sensors needs to be worked before clinical 
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application of such technology. For prevention of electrostatic interference due to ionic 
flow along with the blood, the devices can be coated with a sandwiched parylene-gold-
parylene film (as shown in Figure 7.2) with the gold layer grounded. Combining the 
novel nanofiber based sensing design with advance measurement techniques described 
above and unique packaging route, can result in highly sensitive, compact yet flexible 
pressure sensor appropriate for cardiovascular applications. 
 
7.2.2 Energy 
Of the possible types of electro-mechanical devices that can perform in-vivo 
energy conversion, a piezoelectric transducer that makes use of the material’s electro-
mechanical coupling to covert motion to energy is the most attractive owing to the 
potentially greater energy densities. There has been tremendous interest in piezoelectric 
polymer film energy scavengers that convert cardiac motion into electrical power to 
recharge automatic implantable cardiac defibrillators (AICD). By tuning the thin films 
thickness, crystallinity and surface energy states, orders-of-magnitude improvement in 
the power output can be achieved (Figure 7.3). 
 
To date, there have been only a few preliminary demonstrations of energy 
harvesting from motion of the heart. While ZnO based brittle devices would dissolve in 
blood over a period of time, other materials might be highly toxic. Nonetheless, it is 
unclear if the power generation capabilities for either of these schemes may be suitable 
(there are no data in open literature) and neither approach has been reduced to practical 
use. The most attractive strategy will be one that does not complicate the implantation 
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process, compromise the patients’ health, introduce additional load on the heart, and fits 
within the design of existing leads.  
 
 
 
Figure 7.3 Schematic showing the recharging rates and times for an ICM (Implantable 
Cardiac Monitor) for increasing layers of a multi-stacked PVDF based 
structure 
 
PVDF is an ideal biomaterial because it is nontoxic, inert, resistant to water 
absorption (absorbs < 0.04% by weight), biocompatible and clean-room friendly. There 
are three primary motivating factors for developing an energy harvesting device 
configured as a multilayered film with nanolayers of PVDF. 1.) Piezoelectricity in 
polymers originates solely from crystalline domains. Recent studies [76, 77] have found 
that confining crystallizable polymers to ~10-100nm thickness increases crystallinity 
substantially 2.) Can be easily fabricated in different shapes and patterns. Films as thin as 
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10nm can be fabricated from techniques like spin coating and fibers of several hundred 
nanometers diameter can also be drawn using electrospinning techniques, 3.) The power 
transfer capability of any piezoelectric material is proportional to the surface area of the 
piezoelectric material. By exploiting these recent findings, combined with the novel 
techniques to fabricate PVDF structures presented in this dissertation, highly efficient 
energy scavengers can be realized. 
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